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A trapped ion-cavity system is a potential candidate in quantum
information processing (QIP) applications as it provides an efficient
interface between ions (quantum memory) and photons (information
carrier). In addition, a cavity also provides other useful functions for
a trapped ion system such as ion cooling. This thesis explores various
functionalities of a trapped ion-cavity system that highlight its potential
as a practical tool for QIP applications.
In this thesis, experiments are performed on a singly charged barium
ion trapped within a high finesse cavity. The experiments make use
of a vacuum stimulated Raman transition, which involves an exchange
of one photon between the driving laser operating at 493 nm and the
intra-cavity field with a resonance at the same wavelength. Depending on
the experimental goal, the system can be manipulated to induce mechanical
effects on the trapped ion or alter the properties of the cavity output. Using
these approaches, the following experimental results are reported: efficient
3-D micromotion compensation despite optical access limitations imposed
by the cavity mirrors, first demonstration of sub-Doppler cavity sideband
cooling of trapped ions, and first proposal of ion temperature probing using
a high finesse cavity. Additionally, a number of useful techniques such as
cavity enhanced single ion spectroscopy and state detection using Raman
repumping lasers were developed over the course of the experiments.
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Quantum information science has been an active research topic for its
potential applications in communication and information processing [1–5].
Development in quantum information processing (QIP) relies on the ability
to manipulate individual quantum systems, thus the effective mapping
of quantum information between a quantum memory and a quantum
communication channel is desired [6]. In particular, a quantum memory
or qubit (quantum bit) can be a trapped ion, which has proven to be
a promising system for QIP applications with all of the experimental
requirements having been demonstrated [3, 4, 7–10]. To highlight a
few, C-NOT gates [8], deterministic generations of entanglement between
two trapped ions [11], creations of a quantum byte by deterministically
entangling eight calcium ions [12], quantum teleportations [13] and
implementations of Grovers search algorithm [14] have all been realized
experimentally with trapped ions. Moreover, recent demonstrations of
entanglements between trapped ions and photons [15], and between distant
trapped ions [16, 17] lay the ground work for quantum networks and provide
a path to large scale QIP.
1
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While ions are good candidates for stationary processes due to their
long lived internal states (e.g. quantum memory), photons are the more
natural carriers of quantum information between physically separated sites
[7, 18, 19]. Thus, an ion-photon interface is important for the development
of large scale QIP. An ideal system for such an interface is based on an
ion trapped within a high finesse cavity [20–22]. The cavity enhances
the interaction between the ion and a single photon, and enables efficient
collection of the ion emissions. Proposed applications of trapped ion-cavity
systems in QIP include quantum repeaters [23, 24], entanglement of
distant ions [25–27] and quantum logic gates [28–31]. To date, remarkable
advancements have been made: single photon sources [21, 32], single ion
lasers [33] and ion-photon entanglement [22] have all been demonstrated
with trapped ion-cavity setups. In addition to QIP applications, a cavity
also provides other useful functions for a trapped ion system such as
enhanced photon collection efficiency [34] and a means for cooling ions
[35].
As a progression in exploring the various functionalities of a cavity, this
thesis presents works on minimizing excess ion micromotion, sub-Doppler
cooling of trapped ions and ion temperature probing using a high finesse
cavity. Moreover, a number of useful techniques such as cavity enhanced
single ion spectroscopy and state detection using Raman repumping lasers
are developed in the course of the relevant investigations.
In Chapter 2, the relevant theoretical considerations are presented.
The chapter begins by introducing the basic principles of techniques used
such as ion trapping using radio frequency (RF) traps, Doppler cooling of
trapped ions and atomic state manipulation. Then the theory for an ideal
two-level atom in an optical cavity is presented. The description is later
extended to include the realistic considerations, such as cavity and excited
state dissipations, and the effects due to external driving lasers. Before
2
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the chapter ends, the thermal effects on ion-cavity coupling and the cavity
cooling dynamics under practical conditions are described.
In Chapter 3, the experimental setup and apparatus are presented:
linear Paul traps, laser setup, imaging system, optical cavity and various
electronic systems. The experimental methods used for daily operations
such as ion loading, Raman cooling and laser frequency calibration are
described in Chapter 4. An original state detection scheme using Raman
lasers is introduced in Chapter 5.
Cavity quantum electrodynamic (QED) experiments are described
from Chapter 6 onwards. In Chapter 6, the minimization of ion
micromotion using a high finesse cavity is introduced. This work
complements the previous finding [36] with detailed theoretical accounts
and a complete experimental realization. In Chapter 7, an ion cooling
method using cavity mechanical effects is presented. Here the ion cooling
to a sub-Doppler temperature using a high finesse cavity is reported for
the first time. Motivated by the observation of super-Poissonian behaviour
in the ion-cavity emission, the photon statistics of the intra-cavity field
are studied and a new method to estimate the temperature of the ion by
statistical means is proposed in Chapter 8.
In Chapter 9, an overall summary of the thesis is presented and the




This chapter describes the fundamental theory behind the techniques
used for trapping ions as well as manipulating their internal and external
quantum states. Discussions will be focused only on the isotopes of interest,
namely 137Ba+ and 138Ba+, but can be readily applied to other atomic or
ionic species.
This chapter consists of six sections and is organized as follows. In
Section 2.1, the theory of an ion trap for confining singly charged barium
ions is described. Afterwards, the principle of ion trap Doppler cooling is
presented in Section 2.2. In Section 2.3, a brief introduction of coherent
population transfer is discussed. Then a theoretical overview of cavity QED
is presented in Section 2.4, which is followed by two sections discussing the
thermal effects on ion-cavity coupling and cavity cooling efficiency.
2.1 Linear Paul Trap
According to Earnshaw’s theorem [37], an electrostatic potential cannot by
itself, trap a charged particle in three dimensions. In order to achieve
4
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complete confinement, an additional oscillating electric field or static
magnetic field must be used. Examples of traps using these techniques
are Paul traps [38, 39] and Penning traps [40, 41].
In this thesis, a linear Paul trap [42] is used to trap ions for its
simplicity in design. Moreover, as the trap does not require the use of
a static magnetic field, it suits well to experiments presented here where a
tunable magnetic field is needed to achieve a high fidelity state preparation.
A linear Paul trap is a variant of Paul traps, which uses DC and
AC electric fields for ion trapping. A typical trap design is depicted in
Figure 2.1. In brief, the trap uses four electrodes to confine ions radially
and a static electrical potential on end caps to confine ions axially.
The trapping mechanism presented here follows closely with that in
[2, 43]. For radial confinement, the two diagonally opposing rods are fixed at
a static (DC) potential δV while the other pair is driven with an alternating
(AC) potential V (t). If the electrodes are at distance R from the symmetry
center and the DC potential δV is zero, the potential at the trap center
due to the electrodes is approximately









where the parameter R′ ≈ R (R′ = R if the trap electrodes are hyperbolic
cylinders of infinite length [44]), the parameter x and y denote the radial
directions as indicated in Figure 2.1, and the parameter V (t) = V0 cos(Ωt)
is the AC potential with a frequency Ω/2pi and an amplitude V0.
If V (t) is a constant in Equation 2.1, the saddle-shaped potential
around the origin will be static and will not confine the ions. However, if the
potential is modulated harmonically at a time scale faster than the escape
time of the particle from the trap, a radial confinement of the particles
5





Figure 2.1: A linear Paul trap. The electrodes in red are driven
by an AC potential while the uncolored electrode are grounded. In
a typical setup, a small DC potential δV is applied on the uncolored
electrodes to break the trap degeneracy such that the trap principle
axes are well-defined.
becomes possible. In this case, the dynamics of the trapped ion is described
by the Mathieu equation which will be discussed in the later part of this
section.
To confine the ions axially, a static potential U0 is applied from
opposing sides along the axis. By including this potential, the total


















where the parameter κ is a geometrical factor, z denotes the axial
displacement along the end caps and 2Z0 is the distance between the end
caps.
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Figure 2.2: Stability region of a linear RF Paul trap in the space of
a and q. The shaded region indicates the zone where the ion motion is
stable.
When an ion of charge Q and mass m is present at the trap center,
the force exerted on the ion is given by
~F (t) = m~¨r(t) = −~∇φ(t) , (2.3)




+ [a− 2q cos (Ωt)] Ω
2
4
x = 0 , (2.4)
d2y
dt2
− [a− 2q cos (Ωt)] Ω
2
4






z = 0 . (2.6)
Here, a = 4QκU0/(mZ
2
0Ω
2) and q = 2QV0/(mR
′2Ω2).
The Mathieu equation has two types of solutions which are determined
by the parameters a and q [39]: (i) The ion undergoes a stable motion
7
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where it oscillates in the radial plane with limited amplitude. (ii) The ion
oscillates with an exponentially growing amplitude in the radial directions
and eventually escapes from the trap. The stability dependence on a and
q is illustrated in Figure 2.2. In typical cases, where q  1 and a 1, the
stable solutions are approximately given by [43]















z(t) = Az cos(ωzt+ φz) , (2.9)
where ωx,y = Ω
√
a+ q2/2 /2 and ωz = Ω
√
a /2. φx,y,z are the phases
determined by the initial conditions of the ion position and velocity.
The solutions of Equation 2.7 and Equation 2.8 comprise motions in two
timescales, corresponding to the secular motion and the micromotion. The
secular motion is the harmonic oscillation of the ion with the amplitude
Ax,y,z and the frequency ωx,y,z, while the micromotion is motion driven by
the RF field and is scaled by cos(Ωt). The latter has a shorter time scale
as Ω > ωx,y,z.
Since the z axis is located on the RF node line, the ion motion
along this direction is only governed by the secular motion as shown in
Equation 2.9 and is inherently free from micromotion. However, the design
of the actual ion trap used in this thesis is slightly different from that
presented in [2, 43]: the end caps are placed along the RF node line instead
of along the radial electrodes. This results in a non-zero RF field along the
trap axial direction and Equation 2.9 becomes q dependent. Nevertheless,
the induced RF potential is small, and the effect is negligible.
8
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2.2 Doppler Cooling
After loading an ion into the trap, the initial temperature of the ion is
given by the sum of its initial kinetic energy, the potential energy due to
its position in the trap where it was created, and the residual energy from
the photo-ionization process (∼ 1 eV). For experimental purposes, the ion
temperature must be kept at a sub-Kelvin temperature. In particular, a
low ion temperature is important in cavity QED experiments where the
ion-cavity coupling efficiency will be reduced if the ion temperature is high.
To reduce the ion temperature, Doppler cooling is used. This cooling
technique was first proposed in 1975 [46, 47] and demonstrated in 1978
[48] using magnesium ions in a Penning trap.
Consider a stationary two-level atom interacting with a near resonant
laser beam with wavevector ~k, the momentum transferred to the atom for
absorbing a photon is
∆~p = ~~k . (2.10)
Since the excited state decay is via spontaneous emission, the photon
emission is isotropic. Therefore, averaged over many absorption-emission
cycles, the force exerted on the atom will be only in the direction of the
laser beam. Hence the net force exerted on the atom is
~F = ∆~p × Γ s/2
1 + s+ [2 (δ + δD) /Γ]
2 . (2.11)
The parameter δ is the detuning of the laser frequency with respect to the
atomic transition, τ = 1/Γ is the lifetime of the excited state and s is
the saturation parameter defined as s = I/Is , with the beam intensity I
and the saturation intensity Is = pihc/(3λ
3τ). The parameter δD is the
Doppler shift experienced by the atom moving with velocity ~v, which is
given by δD = ~k · ~v.
9
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If the atom is moving towards the laser source, δD will have a negative
sign which implies a smaller denominator in Equation 2.11 and leads to
a higher scattering rate. On the other hand, if the atom is moving away
from the laser source, δD will have a positive sign which brings a lower
scattering rate. Thus, for a bound atom which oscillates in the trap, it
will experience a greater decelerating force when moving opposite to the
laser direction and a smaller accelerating force when moving in the laser
direction. As the cooling is stronger than the heating, overall the atom gets
cooled. This cooling process is limited by the Doppler cooling limit which





Lower temperatures may be obtained by sub-Doppler cooling techniques
such as Raman sideband cooling. This cooling technique is also
implemented here and will be discussed in the later part of this thesis.
2.3 Coherent State Manipulation of
Trapped Ions
2.3.1 Overview
Coherent state manipulation is an essential step for many important
techniques and applications, for instance atomic clocks [50], Raman
sideband cooling [51] and quantum logic gates [7, 8]. In trapped ion
systems, coherent state manipulation is usually performed between two
hyperfine states or a ground state and a metastable state using: a RF field
for the transition between two hyperfine states [52], a low linewidth laser
for a quadrupole transition [53], or two low linewidth lasers for a Λ-type
10









Figure 2.3: The Λ-type Raman transition between state | 1 〉 and | 3 〉
via a virtual state detuned by ∆ from state | 2 〉.
Raman transition [2]. In this thesis, only the Λ-type Raman transition is
used and will be the focus of this section.
2.3.2 Raman Transitions
Considering a three levels atom interacting with two laser radiation fields,
as illustrated in Figure 2.3, the coherent evolution of the population is




Ψ(t) = Hˆ(t) ·Ψ(t) . (2.13)
Here, Hˆ(t) is the full Hamiltonian consisting of the unperturbed
Hamiltonian Hˆ0 which defines the energy levels of an isolated atom and
the operator Vˆ (t) from the time-dependent interaction. The operator Vˆ (t)
11
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arises from the electric dipole interaction given by
Vˆ = −dˆ · E , (2.14)
where dˆ is the atomic dipole moment and E is the electric field of the
laser radiation. Conventionally, the coupling strength of the interaction is
characterized by the Rabi frequency [54]







The parameters used in Equation 2.15 have the same definition as that in
Section 2.2. Here, the Rabi rates for | 1 〉 ↔ | 2 〉 and | 2 〉 ↔ | 3 〉 transitions
are denoted by Ωb and Ωr respectively.
The wave-function Ψ(t) can be expressed as a superposition of




Cn(t) · ψn . (2.16)
The square of the coefficient Cn(t) gives the population of state |n 〉 at
time t and sums to unity
∑
n |Cn(t)|2 = 1. By applying the rotating wave










Chapter 2. Theoretical Considerations
Substituting Equation 2.16 and 2.17 into Equation 2.13, a set of linear















ΩrC2 + δC3 .
(2.18)
In the case where ∆  Γ, the population of the excited state | 2 〉 evolves
rapidly, and C˙2 will be averaged to zero after many cycles of oscillations.
This approximation is known as adiabatic elimination, which reduces the
system to an effective two-level system. A detailed account of the method
can be found in [56]. By this approach, Equation 2.18 is reduced to
iC˙1 = Ωb(ΩbC1 + ΩrC3)/(4∆)
iC˙3 = Ωr(ΩbC1 + ΩrC3)/(4∆)− δC3 ,
(2.19)















In this Hamiltonian, the diagonal elements are the Stark shifts [54] of the
relevant levels due to the electric dipole interaction with the lasers and the
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If the atom is initially in state | 1 〉, solving Equation 2.19 yields
































where δ is the effective detuning given by the sum of the original detuning
and the differential Stark shift:




According to Equation 2.22, applying a pi-pulse with period pi/ΩR will
transfer the atom from state | 1 〉 to state | 3 〉 coherently, if δ = 0. Similarly,
a superposition state (| 1 〉+| 3 〉)/√2 can be prepared via a pi/2-pulse, which
has exactly half of the pi-pulse period.
The model presented above is an over simplified version which ignores
some of the relative phase properties between the two lasers. A complete
consideration would have a Raman rate in the form of
ΩR = |ΩR| exp[i(−∆ωt+ ∆φ+ ∆~k · ~x)] . (2.24)
Here, the ∆ωt term is accounted for in the two level model by the two
photon detunings, the ∆φ term is the relative phase fluctuation of the
lasers, and the ∆~k · ~x term determines the motional coupling strength in
the direction ~x. Except the first, the remaining terms were not considered
in the model and will be briefly described below.
2.3.2.1 Phase Fluctuations
If the Raman lasers are derived from a single source (for instance see
Chapter 5), the phase jitter in both lasers are the same and there will be
14
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no relative phase fluctuation. However, in the case where the lasers are not
produced by a single source (for instance see Chapter 5: Section 5.4), there
would be an inherent phase incoherence between the lasers which causes a
phase fluctuation ∆φ that cannot be eliminated. This phase fluctuation can
be viewed as a fast frequency jitter in the laser beams, which corresponds
to the linewidth of the lasers. A detailed account of this effect is presented































where γ is the mean laser linewidth [57]. To achieve a state transfer
efficiency of > 99%, which is important for the application in state
detections (see Chapter 5: Section 5.4), the exponential factor exp (−γt/2)
must be larger than 0.98. This translates into a laser linewidth requirement
of < 1% relative to the Raman rate ΩR.
2.3.2.2 Motional Coupling
In a Raman process, the trapped ion experiences a momentum kick due to
the photon exchange between the Raman lasers. Depending on the laser
geometry, wavelength and the trapping strength, this momentum kick could
induce a change in the ion motional state. Considering only the vibrational
coupling along the x-direction, the term ∆~k · ~x can be expressed in terms
of the ladder operators, aˆ and aˆ†, for the corresponding quantized states
∆~k · ~x = η (aˆ+ aˆ†) , (2.26)
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where η is the Lamb-Dicke (LD) parameter defined as





The parameter xˆ is the unit vector in the x-direction and ν is the relevant
trap secular frequency. For a transition from the n-vibrational state | 1, n 〉
to the m-vibrational state | 3, m 〉, the effective Raman rate Ωm,n can be
written as [2]










where n< and n> are the respective maximum and minimum between n









To perform a coherent population transfer from state | 1 〉 to state
| 3 〉 (see Chapter 5: Section 5.4), a carrier transition will be driven, hence
n = m. Assuming that the vibrational levels are thermally populated, the





(1 + 〈n〉)1+n sin
2 (Ωn,nt/2) , (2.30)
where 〈n〉 denotes the mean vibrational quantum number. The parameter
|C3|2 is maximized when Ωn,nt = pi. However, since the parameter Ωn,n is
different for each vibrational level, a complete population transfer from the
state | 1 〉 to the state | 3 〉 is possible only when the atom is prepared in a
particular n-state, for instance the ground state where 〈n〉 = 0. Another
16
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exception exists when the LD condition is fulfilled, in which η2〈n〉  1.
In this case, the energy delivered by the photon exchange is negligible
compared to the discrete energy level ~ωT of the trapping potential, where
ωT is the trap frequency. Experimentally, this condition can be achieved
with a pair of co-propagating Raman lasers and a tightly confined atom.
However, if the Raman lasers are of different wavelength, ∆~k 6= 0 and the
LD condition can only be fulfilled using a tight trap. Within the LD regime,
Ωm,n → 0 and Ωn,n → ΩR for m 6= n. Thus the Raman transition is not
vibrationally sensitive and a high fidelity coherent population transfer is
therefore achievable.
2.3.3 Raman Sideband Cooling
Upon Doppler cooling, the temperature of a trapped ion is given by
Equation 2.12, which can be equivalently expressed in terms of the mean









In this thesis, the cooling transition of barium ions has a Γ of ∼ 2pi×20 MHz
while the lowest trap frequency is only ∼ 2pi × 400 kHz. This results in
a relatively high phonon number of ∼ 25. In some of the experiments
presented in this thesis, a near ground state temperature is required (see
Chapter 7 and Chapter 8). For this purpose, the Raman sideband cooling
method is used to further reduce the ion temperature.
As seen in the previous section, a Λ-type Raman transition could
be motional sensitive depending on the laser configuration. With an
appropriate setting, the Raman transition can transfer the ion from a
higher vibration quantum to a lower one and reduce the ion temperature.
17
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Here, a brief description of the cooling process is presented. First, the
atom is driven on its red-motional sideband which corresponds to the
| 1, n 〉 → | 3, n − 1 〉 transition. To achieve a full population transfer for
n-state, a pi-pulse with a period of t = pi/Ωn,n−1 is used. Afterwards, the
atom is repumped back to the original state | 1 〉 via an optical pumping
process which does not change the vibrational state number in an ideal
setup where η  1. Then the entire process will be performed iteratively
with a decremental n until the ground state is reached.
There are some criteria for the cooling to work efficiently. First, the
motional sidebands must be well-resolved from the carrier [51, 58]. As seen
in Equation 2.22, this condition can be easily fulfilled by having a Raman
rate much smaller than the trap frequency. However, if the cooling lasers
are not from the same source, the rate must still be fast enough to avoid a
drop in efficiency due to the intrinsic phase fluctuation (see Section 2.3.2.1).
Even if the lasers are from the same source, a small Raman rate will make
the transition vulnerable to the phase fluctuation due to the environmental
noise such as magnetic field fluctuations [59]. In addition, the atom must
be tightly confined such that the trap frequency is sufficiently high. This in
turn allows the cooling to be performed with a high Raman rate. Moreover,
a tightly confined atom will have a better localization which results in a
small LD parameter η  1, a criteria to prevent ion heating during optical
repumping process.
2.4 Cavity QED: A Brief Theoretical
Overview
The simplest cavity QED system consists of a single two-level atom coupled
to the single mode of a quantized intra-cavity field. The dynamics of this
18
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system is well known and is described by the Jaynes-Cummings model [60].
If the atom and the cavity are both driven by external radiation fields
(lasers), the Hamiltonian will be given by
Hˆ = ~ωaσˆ†σˆ + ~ωcaˆ†aˆ+ ~g
(












aˆ exp(−iωt) + aˆ† exp(iωt)
]
(2.32)
where ωa is the angular frequency of the atomic transition, ωc is the cavity
resonant frequency, g is the coupling strength between the atom and the
cavity, ΩL is the Rabi rate of the laser coupled to the ion with an angular
frequency of ωL and Ω is the intra-cavity field strength due to the cavity
probing laser with an angular frequency of ω. The operator aˆ and σˆ denote
the annihilation operators of the intra-cavity photon state and the atomic
excited state, respectively.
In this system, the evolution of density operator ρˆ is governed by a

















j − ρˆCˆ†j Cˆj − Cˆ†j Cˆj ρˆ
)
. (2.33)
In this equation, the operator Cˆj is the j-th dissipative term due to the
decays of the atomic upper state and the intra-cavity field,
Cˆγ =
√
2γ σˆ , (2.34)
Cˆκ =
√
2κ aˆ , (2.35)
where the parameters γ and κ are the half-linewidth of the atomic transition
and the cavity resonance, respectively.
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Figure 2.4: The transition driven by the cavity probing beam and
the intra-cavity field. ∆ is the detuning of the laser frequency from the
| ↓ 〉 ↔ | ↑ 〉 transition while ∆c is the relative detuning between the
laser and the cavity resonance. ΩL is the Rabi rate of the laser beam. g
is the coupling strength between the atom and the cavity field. κ is the
cavity half-linewidth.
If the atom is absent from the system, the Hamiltonian will be reduced
to




aˆ exp(−iωt) + aˆ† exp(iωt)
]
. (2.36)
Transforming to a rotating frame via the unitary operator Uˆ =
exp(−iωcaˆ†aˆ t), the Hamiltonian has the form







aˆ exp(−i∆ct) + aˆ† exp(i∆ct)
]
, (2.37)
where ∆c = ω − ωc. A steady state solution of the intra-cavity photon







This solution indicates a Lorentzian profile centered at the cavity resonance
as expected.
In most of the cavity experiments presented in this thesis, a single
trapped ion is interacting only with an external driving laser and the
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intra-cavity field. In this case, the final term of Equation 2.32 will not
be considered. The Hamiltonian can be transformed to a rotating frame
via the unitary operator Uˆ = exp(−iωLaˆ†aˆ t) · exp(−iωLσˆ†σˆt), similar to
the approach mentioned earlier. In result, the Hamiltonian has a time
independent form
Hˆ ′ = −~∆σˆ†σˆ − ~∆caˆ†aˆ+ ~g
(









where the parameter ∆ is the detuning between the laser and the atomic
transition, ωL−ωa, and ∆c is the detuning between the laser and the cavity
resonance, ωL − ωc. The relevant process is depicted in Figure 2.4.
If the laser is resonant with the cavity, a Raman process between
the laser and the intra-cavity field can be expected. This can be better
understood by transforming the Hamiltonian into the frame that follows
the dynamics of the Raman process [61–63]. The dynamics involved are
the two rotations induced by the laser and the intra-cavity field. Hence,





σˆ − σˆ†)+ g
∆−∆c
(
aˆ†σˆ − aˆ σˆ†) . (2.40)
Using the Baker-Campbell-Hausdorff formula, the transformed
Hamiltonian Hˆ ′′ can be expanded in a power series of 1/∆ and 1/(∆−∆c)
[64]












+ ... . (2.41)
In the case where the Raman interaction is dominant over the
spontaneous process, ∆ ΩL, g, ∆c. It is then sufficient to keep only the
first order terms in the expansion of 1/∆. Approximating ∆ − ∆c → ∆,
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the transformed Hamiltonian becomes
















aˆ†aˆ− σˆ†σˆ) . (2.45)
- The terms in (2.42) are not affected by the transformation.
- The term in (2.43) corresponds to the Raman interaction, which is
characterized by the exchange of one photon between the intra-cavity
field and the laser.
- The Stark shifts induced by the laser and the intra-cavity field are
denoted by the terms in (2.44) and (2.45), respectively.
The Hamiltonian Hˆ ′′ can be simplified further by transforming
to another interaction picture using the unitary operator Uˆ =
exp
[−i (∆σˆ†σˆ + ∆caˆ†aˆ) t]. Ignoring the Stark shifts terms which are small
for ∆ ΩL, g, an interaction Hamiltonian is obtained
HˆI = ΩR
[




where ΩR is the effective Raman rate gΩL/2∆. This Hamiltonian has a
similar form as Equation 2.37, which describes the dynamics of an empty
cavity driven by a probing laser. Thus, in this case, the ion-cavity emission
profile will have a Lorentzian line-shape centered at the ion-cavity Raman
resonance, similar to that described by Equation 2.38. Equation 2.46 is,
however, an over simplified expression. A complete picture will include
the phase of cavity standing waves, g sin(kcxc), and the motional coupling
22





Figure 2.5: The typical setup for obtaining the Raman coupling
between a probing laser Rp and the intra-cavity field. Beam Rp is sent
into the trap along the direction: xˆ/2 + yˆ/
√
2 + zˆ/2. In this figure, an
ion is located at the origin of axes, overlapping with the intra-cavity
field and beam Rp.
factor, gΩL exp(i∆~k · ~x), where kc and xc are the wavevector of the
intra-cavity field and the ion position along the cavity axis respectively,
and ∆~k is the difference in wavevector between the intra-cavity field and
the driving laser.
Note that Equation 2.46 is valid only when the laser-cavity resonance
is greatly detuned from the atomic upper state. In most cavity QED
experiments presented here, the detuning is much greater than the ionic
transition linewidth and the laser Rabi rates. Thus, the interaction
Hamiltonian in Equation 2.46 is valid and applicable. This greatly reduces
the complexity of the system and provides a simplified model to certain
problems (for example, see Chapter 6: Section 6.2).
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2.5 Thermal Effect on Ion-cavity Coupling
As mentioned earlier, the ion-cavity coupling is sensitive to the motion
of the trapped ion. In general, there are two types of ion motions:
micromotion and secular motions. The former results from the
pseudopotential being an approximation, while the latter results from the
effects of the pseudopotential and is proportional to the ion temperature.
In this section, the discussion will be focused only on the ion thermal effect.
Whereas, the micromotion effects will be discussed in Chapter 6.
Considering a single ion located at ~r = x xˆ+y yˆ+ z zˆ (see Figure 2.5),
which interacts with a far detuned laser radiation field Rp and an orthogonal
cavity field, the Hamiltonian of the system is described by Equation 2.46.
To estimate the thermal effect on ion-cavity coupling, the ion-cavity Raman
rate ΩR from the equation is extended to include the coupling phase factors




















The parameter ΩL(~r) is the laser Rabi rate with a maximum value of ΩL0
at the center of the mode waist, g(~r) is the ion-cavity coupling rate with a
maximum value of g0 at the cavity anti-node, ∆ is the detuning of the laser
frequency from the ionic resonance, k is the wavenumber, φc is the phase
of the intra-cavity standing wave and wL is the beam waist of the laser.
Due to the position spread of the ion in the trap, this Raman rate has











































































If the ion is positioned at the cavity anti-node and the laser beam waist
is much larger than the wave function spread, φc = pi/2 and σ
′
j ≈ σj.
Equation 2.51 can thus be simplified to










To obtain a Raman rate with explicit dependency on temperature, σj
can be written in terms of the LD parameter ηj and the average phonon
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2(〈nj〉+ 1/2) , (2.56)
with ηj = k
√
~/(2mωj). Substituting Equation 2.56 into Equation 2.54, a
Raman rate with thermal effect incorporated is obtained















Another important parameter in cavity QED experiments is single
atom cooperativity, given by g2/κγ. This parameter gives the ratio between
the ion scattering rate into the cavity and that into the free space. Since it is
proportional to g2 ∝ Ω2R, the following expression is used for the thermally
averaged cooperativity
C˜ (〈nr〉, 〈nz〉) = C exp
[− 3η2r(〈nr〉+ 1/2) ]
× exp [− η2z(〈nz〉+ 1/2) ] , (2.58)
which converges to the single atom cooperativity C for an ion in the LD
regime η2j 〈nj〉  1. For a trapped ion beyond the LD regime, Equation 2.58
is used as the effective cooperativity at a given temperature.
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2.6 Cavity Cooling in the Presence of Recoil
Heating and Cavity Birefringence
Since the ion-cavity Raman process can couple to the ion motional states,
in principle, the trapped ion(s) can be cooled via the mechanical effects
induced by the Raman coupling [65]. The resultant cooling process is
known as cavity cooling. In short, the cooling process is similar to that
of Raman sideband cooling as described in Section 2.3.3, in which the ion
is cooled by the Raman transition driven on its red motional sideband. See
Chapter 7 for a detailed discussion of this technique and the presentation of
the relevant experiments. In this section, the performance of cavity cooling
under an experimental condition is investigated. Limiting factors such as
recoil heating and cavity birefringence will be discussed.
In the case where the ion motional sidebands are well resolved by
the cavity, the trapped ion(s) can be cooled using cavity sideband cooling.
Using this technique, the cooling can be selectively performed along a single
direction while other directions are affected only by recoil heating. For
cooling along a particular direction, namely the zˆ axis, the rate equation
















where A− and A+ are the cooling and the heating rate, respectively. The
rate equations for the good-cavity regime in Ref. [65] are used, where the
laser detuning ∆ is much larger than the total dipole decay rate γ = Γ/2,
the ion-cavity coupling strength g and the cavity field decay rate κ.
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In Ref. [65], the rates are derived presuming a stationary state solution.
However, when the cooling is only along the axial direction, the radial
phonon occupation number 〈nr〉 increases over time due to recoil heating,
d
dt





Consequently, as seen in Equation 2.58, the cooperativity decreases over
time and results in a smaller photon scattering rate into the cavity. This
eventually leads to a time dependence of the cooling and heating rates.
Thus, A± rates never stabilize to stationary values due to their dependence
on 〈nr〉 and therefore, no steady-state temperature is achieved.
Although the stationary state condition is not fulfilled here, a
pseudo steady-state is considered here which depends on the time-varying
thermally averaged cooperativity. Thus, the resultant rates vary according









κ2 + (δc ∓ ωz)2
]
, (2.61)
where α is a geometric factor (1/3 for J′1/2 → J1/2 transition), ϕl is the
cosine of the angle between the driving laser and zˆ axis and δc is the relative
detuning between the laser and the cavity resonance.
In addition, the experimental cavity could have birefringence and the
associated effect has to be accounted. Due to the limited optical access
in the setup, the probing can be done only at an angle of 45◦ to the
vertical (yˆ). Thus the probe couples equally to both birefringence modes
of the cavity (see Chapter 4: Section 4.4). In the current setup the cavity
birefringence is not well resolved, and the best cooling rate is obtained
when the cooling laser is tuned such that δc = −ωz ± δb, where 2δb is
the separation between the modes. In this case, the heating rate is not
28
Chapter 2. Theoretical Considerations
strongly affected by the birefringence and is approximately the same as
that in Equation 2.61, namely

























which translates into a lower cooling rate compared to a non-birefringent
cavity.
Multiplying Equation 2.59 by nz and summing over all nz ≥ 0 results





A−〈nz〉 − A+(〈nz〉+ 1)
]
. (2.64)
An analytical solution for 〈nz〉 can be obtained by assuming a
stationary state condition where A+Pnz = A−Pnz+1 for t → ∞ [65, 66].
Unfortunately, this condition is not achievable with the current setup.
Nevertheless, even without an analytical solution, both Equation 2.60 and
Equation 2.64 are solved jointly and numerically and used for fitting to the




This chapter describes basic tools and devices used for trapping, imaging
and performing various experiments on singly ionized Barium ions. The
chapter consists of seven sections and is organized as follows. Section 3.1
describes the design of two ion traps used in this thesis. This is followed by a
section describing the cavity used in cavity QED experiments. The ion trap
imaging setup is then described in Section 3.3. In Section 3.4, an overview
of the laser system and the related stabilization techniques are presented.
Then, the setup of the Doppler cooling lasers are described in Section 3.5.
The Raman lasers used for manipulating the internal state of ions are
presented in Section 3.6. Finally, the stabilization of the experimental
cavity and the related techniques are described in Section 3.7.
3.1 The Ion Trap
Two ion traps are presented in this thesis. The first trap (trap A) was built
at the early stage of all experiments, which served as a test setup for finding
the right experimental parameters. Besides, this trap is also used for the
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Figure 3.1: The side view of Trap B inside a test chamber where the
radial electrodes and end caps can be seen clearly. In actual setup a
pair of cavity mirrors is built around the electrodes which blocks the
side view into the trap center.
state detection experiments presented in Chapter 5. At a later stage, a
second trap (trap B) was built to perform cavity QED experiments. This
trap is integrated with a pair of cavity mirror and has a smaller dimension.
Although the traps are different in size, their designs are actually the same.
Thus, in the following paragraph, the description of the trap design will only
be based on trap B. For comparison, the physical properties of trap A and
B are tabulated in Table 3.1.
A picture of trap B is shown in Figure 3.1. The RF and bias electrodes,
which are responsible for radial confinement, are composed of four stainless
steel (316) tubes with an outer diameter of 470µm. The tube axes form a
square of 2 mm×2 mm, symmetrically about the trap axis (zˆ). Additionally,
the tubes are mounted on two aluminum blocks using ceramic (Macor)
spacers. The aluminum blocks are grounded and separated by 5.6 mm from
each other. For axial confinement, two end caps are placed along the trap




Figure 3.2: A schematic diagram of trap B. The side and axial views
of the trap are shown in (a) and (b) respectively.
end caps are composed of the same stainless steel tubes and mounted to
the aluminum blocks via the method as mentioned earlier. These end caps
are held at positive potentials to provide axial confinement to the trapped
ions.
A 5.3 MHz RF potential with an amplitude of 125 V is applied via a
step-up transformer to the two diagonally opposing RF electrodes. The
home-built air-core transformer has a primary to secondary winding ratio
of 25. Together, the transformer and the trap form a resonant tank circuit
(LC circuit) with a resonant frequency in the megahertz range. The exact
Trap A Trap B
Electrode Diameter 1.2 mm 470µm
Electrode Separation 3.6 mm 2 mm
End Caps Separation 5 mm 2.4 mm
RF Drive Frequency 3.7 MHz 5.3 MHz
RF Amplitude 500 V 125 V
End Cap Potential 3 V 2.4 V
Trap Frequencies ω/2pi (388, 348, 90) kHz (1.2, 1.1, 0.40) MHz
Parameter q ≈ 0.27 ≈ 0.58
Parameter a ≈ 0.002 ≈ 0.02








Figure 3.3: The schematic diagram of the transformer system. The
ion trap is effectively a 10 ∼ 20 pF capacitor.
resonance is determined by the effective inductance and capacitance of the
trap and the transformer. For illustration purpose, a schematic diagram
of the transformer is shown in Figure 3.3. An amplification factor of 25
is achieved when the transformer is operating at its resonant frequency.
While an ideal LC circuit has zero impedance at the resonance, a finite
impedance is seen in the actual operation mainly due to skin and proximity
effects in the transformer coils [67]. For a typical home-built transformer,
the measured impedance is usually 50 Ω ∼ 100 Ω. To match the impedance
of the RF source (50 Ω), a variable resistor is used to connect the input of
the transformer to ground in a parallel configuration.
A small DC voltage applied to the bias electrodes ensures a splitting of
the radial trapping frequencies. As such, all the trap principle axes are well
defined. This is important for a trap where the three dimensional Doppler
cooling is achieved via a single laser beam [68].
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3.2 The Experimental Cavity
3.2.1 The Cavity Design
The experimental cavity is approximately 5 mm long and has a finesse of ∼
8.5×104 at 493 nm and ∼ 7.5×104 at 650 nm. These wavelength correspond
to the cooling and the repumping transition of Ba+ (See Figure 3.6). The
cavity mirror has a radius of curvature of 2.5 cm which results in cavity
mode-waists of 34µm and 39µm for the 493 nm and 650 nm radiation fields,
respectively.
Each cavity mirror is mounted on a shear piezoelectric actuator (PZT)
which is able to move the mirror along the cavity axis. This allows the
adjustment to the cavity length as well as the relative position between
the intra-cavity field and trapped ion(s). These shear PZTs are themselves
mounted on top of an Attocube nanopositioner, which provides vertical
adjustment for the cavity relative to the trap.
In order to prevent the static charges that possibly accumulated on
the mirror surfaces from affecting the trap stability, the cavity mirrors
are shielded almost entirely by aluminum housings. Only a small hole
with 0.5 mm diameter on each housing allows the cavity to transmit light.
Moreover, the housings also shield the mirrors from barium atomic vapor
which could potentially coat the mirror surfaces and reduce the cavity
finesse. Figure 3.4 shows two cavity pictures taken in a test chamber and







Figure 3.4: The cavity mirrors. (a) A pair of cavity mirrors in a test
setup. Each mirror is sitting on a shear piezoelectric actuator (PZT)
which moves the mirror along the cavity axis when a voltage is applied
via the gold wire attached to the PZT’s top. (b) The ion trap integrated
with a cavity. The cavity mirrors are shielded almost entirely from the
trap by the aluminum housings. Both cavity mirrors are mounted on an
Attocube actuator for vertical alignment.
3.2.2 Detection of the Cavity Emission
The cavity mirrors are identical with an approximately equal loss of 20 ppm
in both transmission and absorption at the probing wavelength, 493 nm,
inferred from the ∼ 24 % resonant transmission and the corresponding
cavity finesse. Thus, approximately 24 % of the cavity photons will be
collected from each side of the cavity. For probing, a cavity output is
passed through a dichroic mirror to separate the 493 nm output from the
transmission of the 650 nm locking laser (see Section 3.7). Further filtering
is done using a bandpass filter with a specified transmission of 97% at
493 nm and attenuation of 85 dB at 650 nm. The light is then coupled
via a single mode fiber to a single photon counting module (SPCM). From














Figure 3.5: A schematic diagram of the trap imaging system. The
system is designed such that the ion emission can either be coupled into
the SPCM for photon counting or the CCD camera for ion imaging using
mirror on a flip-mount. The inset shows an ionic crystal consisting of 22
138Ba+. This image is taken by the CCD camera without the pin-hole
for a wider capturing area.
(70%), and the quantum efficiency of the SPCM at 493 nm (45%) an overall
detection efficiency of intra-cavity photons is estimated to be approximately
7.5(2)%.
3.3 The Imaging System
The schematic representation of the imaging system is illustrated in
Figure 3.5. In brief, the ion fluorescence is collected and collimated by an
objective lens with a diameter of 50 mm and a focal length of 100 mm. To
maximize the imaging resolution as well as the light collection efficiency,
this lens is custom-made for diffraction-limited performance. To remove
the background contribution from ambient light, the collected light is
spatially filtered through a 75µm pin hole, using a 300 mm focal length
36
Chapter 3. Apparatus
lens. After the pin hole, the light is re-collimated by a 100 mm focal length
lens before being focused again by another 150 mm focal length lens.These
lenses together provide a magnification factor of 4.5. Further filtering is
done by a bandpass filter with a specified transmission of 97% at 493 nm,
the fluorescence wavelength of the ion. Afterwards, the light can either be
projected onto a CCD camera or a single photon counting module (SPCM)
using a mirror on a flipper mount. An example of the image captured by
the CCD camera is also shown in Figure 3.5.
The SPCM photon collection efficiency can be calibrated using the
following method. First, a 138Ba+ is prepared at the S1/2 state. Then a
493 nm laser is turned on to optically pump the ion into the metastable D3/2
state. In this process, three 493 nm photons are produced on average due
to the branching ratio between the P1/2  S1/2 (≈ 75 %) and P1/2  D3/2
(≈ 25 %) decays. A 650 nm laser is then turned on to put the ion back
to the initial S1/2 state and produce one 493 nm photon in the process.
Altogether, four 493 nm photons are emitted from the ion in a complete
cycle. Thus, repeating the cycle for N -times will produce 4 × N 493 nm
photons. To minimize the background contribution, each measurement
cycle has a relatively short period of 5µs. Within this time window, the
background contributes approximately 20 % to the detected signal level.
The SPCM collection efficiency can then be calibrated by comparing the
number of collected photons to the actual number of emitted photons.

























Figure 3.6: The relevant transitions involved in the Doppler cooling
of both isotopes: 137Ba+ and 138Ba+.
3.4 The General Considerations of the Laser
System
In this thesis, lasers are used in many applications: from ion coolings to
cavity stabilizations. Due to the complexity of these applications, the laser
system is therefore very complicated. To facilitate the understanding of
this system, this section presents an overview of the laser setup. The
related techniques and components such as the laser locking methods and
the relevant frequency references are also discussed in this section.
3.4.1 Overview
In general, there are two major laser systems used in this thesis, namely the
Doppler cooling laser system and the Raman laser system. The Doppler
cooling laser system consists of two lasers with wavelength at 493 nm and
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650 nm respectively. The 493 nm laser is used to drive the cooling transition
S1/2 → P1/2 to Doppler cool the trapped barium ions. From the P1/2
excited state, the ions have a probability of 25% to decay into the low
lying D3/2 metastable state, where it is dark to the cooling laser. In order
to repump the ion back into the cooling cycle, a 650 nm laser is used
to drive the repumping transition D3/2 → P1/2. Note that these lasers
are only slightly detuned from the upper state (∆ < Γ) for an optimal
performance. For illustration purpose, the relevant processes are shown in
Figure 3.6. Detailed information of the relevant Ba+ transitions can be
found in Appendix A.
The Raman laser system is also composed of two lasers with
wavelength at 493 nm and 650 nm respectively. These laser are mainly used
to perform coherent state transfers from S1/2 → D3/2. Unlike the Doppler
cooling lasers, the Raman laser are greatly detuned from the upper P1/2
state to minimize the decoherence effect due to spontaneous emissions.
In the laser systems, the transfer-cavity-lock technique is frequently
used to stabilize a single laser or multiple lasers. In particular, the two
Raman lasers are referenced to one another using a transfer cavity, which
ensures that the drifts in both laser are always in the same direction. This
helps to minimize the frequency mismatch in a Raman process and maintain
a high fidelity state transfer. To briefly describe the role of the lasers and
their stabilization techniques, a summary in point form is presented as
follows.
- 493 nm Doppler cooling laser: Stabilized to a fixed frequency
852 nm laser via a transfer-cavity-lock.
- 650 nm Doppler cooling laser: Stabilized to a fixed frequency
852 nm laser via a transfer-cavity-lock.
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- The Red cavity: An ultra-stable reference cavity, which is the
main frequency reference for all Raman lasers. Its absolute reference
value is calibrated by a wavemeter and a single-ion spectroscopy (see
Section 4.5).
- 493 nm Raman laser: Locked to the Red cavity electronically.
- 650 nm Raman laser: Locked to the Red cavity via an optical
feed-back loop.
- 852 nm laser: Locked to a cesium atomic reference. Used as a
frequency reference for the transfer-cavity-lock systems in the Doppler
laser system.
At the later stage of this thesis, the 493 nm Doppler laser is also used
to probe the experimental cavity. In this case, the 493 nm Doppler laser is
required to move coherently with the experimental cavity that is stabilized
by the 650 nm Raman laser. For this purpose, the 493 nm Doppler laser
is referenced to the 650 nm Raman laser via a transfer cavity. A detailed
description of this setup will be presented in Section 3.7.
3.4.2 The Transfer-Cavity-Lock
In this thesis, the transfer-cavity-lock techniques are widely used to stabilize
the experimental lasers. In brief, there are three steps involved. First,
the setup must have a reference laser with a fixed frequency. The laser
frequency is typically stabilized to an atomic reference or an ultra-stable
cavity that is kept in vacuum. Second, a transfer cavity is stabilized
to the reference laser by servo controlling the cavity length. This is
usually achieved using the PZT attached to a cavity mirror. Third, the
experimental laser(s) is locked to a resonance of the transfer cavity.
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For a transfer cavity with length L, the free spectral range FSR of
the cavity is c/2L, where c is speed of light. If the experimental laser is
coupled only to the TEM00 mode of the cavity, the laser can be selectively
locked to one of the cavity resonances spaced by the FSR. Thus, the laser
frequency can be stabilized to a position, which is at most FSR/2 away
from the desired frequency position. For a typical cavity length of 10 cm,
FSR = 1.5 GHz. Hence, the laser frequency could be displaced by as much
as 750 MHz from the desired position.
To bring the laser frequency even closer to the desired value, the
experimental laser requires an extra degree of freedom to allow the
frequency tuning relative to a particular cavity resonance. This is achieved
via the following methods. First, the laser is sent through either a
double-pass AOM setup or a fiber-coupled wide-band EOM. Then the
transmitted beam will be either shifted by two times the AOM frequency or
carrying frequency sidebands at ±f , where f is the EOM drive frequency.
The AOM output or a sideband of the EOM output can be stabilized to the
transfer cavity via the PDH technique [69]. Changing the AOM or EOM
drive frequency allows the laser frequency to be tuned relative to the fixed
length of the transfer cavity.
When using a cavity as a frequency reference, there will inevitably be
residual drifts of the resonance frequency that must be accounted for. This
is of particular concern when the cavity is a common reference for multiple
wavelengths, since the frequency shift is wavelength dependent.
Consider a setup in which two lasers, of wavelengths λ1 and λ2, are
reference to a cavity of length L. Since the cavity length must be an integer










where N, M ∈ Integer. Here, the cavity length is assumed to be the same
for λ1,2
1. If the cavity length changes by δL, this equation will become







where δλ1,2 are the associated changes in laser wavelength. Solving the two







In frequency space, Equation 3.3 can be re-written as
δf1 = α× δf2 , (3.4)
where f1,2 are the frequency drifts of the respective laser and α = λ2/λ1.
With this knowledge, the relative drift between laser frequencies can be
properly accounted and compensated. This is important when the drift
in one system must be synchronized with another. For instance, in the
Raman laser system, the relative frequency drift between the Raman lasers
is important. Using Equation 3.4, the relative drift between the laser is
given by
δf1 − δf2 = (α− 1)× δf2 . (3.5)
For λ1 = 493 nm and λ2 = 650 nm, a drift of 1 MHz in the 650 nm laser
corresponds to a differential drift of approximately 318 kHz. This drift
is an important issue especially in the cavity experiments. The detailed
compensation technique will be described in Section 3.7.
If the transfer cavity is not kept in vacuum, the resonance frequency
will be further influenced by environmental factors such as humidity,
1In general the lengths can be slightly different due to the penetration depth in the




pressure and temperature [70–73], which have a more complicated
wavelength dependency. For example, the 493 nm Doppler laser can be
fluctuating by 30 MHz if the transfer cavity used in the stabilization setup
(see Section 3.5.1.1) is exposed to the lab environment. These factors can
be mitigated simply by sealing the housing, temperature stabilizing the
cavity, and maintaining a low humidity using a desiccant material.
3.4.3 The Self-heterodyne Locking System
3.4.3.1 Theory
The self-heterodyne locking system is an off-set locking system which
maintains a fixed frequency difference between two lasers. This is achieved
by utilizing the frequency dependent phase shift experienced by the
beat-note of two laser frequencies [74, 75].
A typical setup of the system is depicted in Figure 3.7. Briefly, the
system works by interfering two lasers at a beam splitter and detecting the
resultant beat-note fB with a fast photo-detector. The detected beat-note
is subsequently amplified and split into two electronic lines with length l1
and l2, respectively. The beat-notes are then mixed again using a mixer.
The output of the mixer will be given by [74]








where δl = l2 − l1 is the length difference between the electronic lines, v is
the signal speed and A denotes the amplitude of the output. Thus, there
will be periodical zero-crossings in the signal along the frequency space
(fB) if δl is a non-zero value. These zero-crossings can in turn be used



























Figure 3.7: A schematic diagram of the self-heterodyne locking
system. The system presents an economically effective setup as all
components used are readily available (for example, see Minicircuit
website: http://www.minicircuits.com). In addition, the system also
offers a flexible choice of offset range compared to a typical AOM offset
lock system which is limited to operate only around the AOM resonance
frequency.
frequency offset between the lasers can essentially be set to any value with
an appropriate δl.
3.4.3.2 Implementation
The locking scheme is implemented to offset-lock the 650 nm slave laser
to the 650 nm master (see Section 3.5.2). The relevant setup is depicted
in Figure 3.11 and Figure 3.7. For 137Ba+, the offset frequency can either
be +940 MHz or −560 MHz to repump the relevant D3/2 states via states
P1/2|F ′ = 2 〉 or P1/2|F ′ = 1 〉, respectively.
Figure 3.8 shows the mixer output against the detuning of the slave





































Figure 3.8: The mixer output in (a) or (b) is used to offset-lock
the slave laser by approximately −560 MHz or 930 MHz relative to the
master, respectively. The laser lock-points are indicated by the red
dashed lines in both plots. The dots are the raw data collected using a
digital oscilloscope, while the blue solid lines are the simulations done
using Equation 3.6 with additional filtering factors.
Equation 3.6. However, the actual signal is subjected to the bandwidth
of the electronic components and hence rolls off at both high and low
frequency regimes. In order to mimic the real scenario, Equation 3.6 is
multiplied by additional filtering terms and used to simulate the response
of the mixer output. These simulations are also presented in the same figure
as blue solid lines.
In order to evaluate the performance of the offset-lock, the beat-note
signal is monitored using a spectrum analyzer. Typical beat-note profiles
are shown in Figure 3.9. The profile linewidth indicates the short-term
stability of the lock, which are measured to be 1.81(2) MHz and 1.37(2) MHz
for two respective lock points. The reason for the difference is given as
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Figure 3.9: The Lorentzian profiles in (a) and (b) are the
corresponding beat-note fB spectrum of the offset-lock at −560 MHz
and +940 MHz, respectively. The blue solid lines are the Lorentzian fits
to the data represented by the dots. It is clearly seen that the linewidth
of the profile in (b) is narrower than that in (a).
follows. When the lock is engaged, the mixer output stabilizes to zero with
a residual noise level of approximately 5 mV, which poses a fundamental
limit to the lock resolution or, in this case, the beat-note linewidth. Hence,
a better frequency stabilization can be achieved if the laser frequency is
less responsive to a change in voltage.
The beat-note linewidth can be further reduced with a larger δl, which
results in steeper slopes around the lock points. However, the bandwidth
of the overall feed-back loop decreases with an increase in δl. This will
eventually pose a limit to the achievable linewidth of the beat-note profile.
In any case, the obtained linewidths are already much smaller than the
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Figure 3.10: The schematic diagram of the 493 nm laser setup. The
852 nm, 986 nm and 493 nm light paths are denoted by the green,
brown and blue lines, respectively. Three photo-detectors are used
for generating PDH signals at different locking stages. First, the
transfer cavity is stabilized to the 852 nm laser via detector A. Then
the 986 nm laser is stabilized to the cavity via detector B. Afterwards,
the frequency-doubling cavity is stabilized to the 986 nm laser using
detector C. A small amount of 493 nm laser is reserved for future cavity
experiments, which will be discussed in the later part of this thesis.
required. In addition, no noticeable drift of the frequency is observed over
the period of a few days, indicating a long-term stability of the system.
3.5 The Doppler Cooling Lasers
3.5.1 The 493 nm Laser System
The overview of the setup is depicted in Figure 3.10. Briefly, the 493 nm
laser is produced by a 986 nm light source via a frequency doubling
crystal. Before sending into the experimental chamber, the 493 nm laser is
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passed through various electro-optic modulators (EOM) and acousto-optic
modulators (AOM) for frequency modulation as well as beam switching.
3.5.1.1 The 986 nm laser
The 986 nm light source (Toptica: DL 100) is an external-cavity stabilized
diode laser (ECDL) [76, 77] with an intrinsic linewidth of ∼ 2.5 kHz,
estimated using optical heterodyne detection. This is performed by
overlapping the 986 nm laser with an identical laser source on a fast
photo-detector. Offsetting the relative frequency between the lasers
produces a non-zero beat-note frequency at the detector output. Since
the full-width at half-maximum (FWHM) of the frequency spectrum is
composed of the total linewidth of laser sources, the individual laser
linewidth is given by half of the measured FWHM. Note that this is valid
only when both lasers are identical and have the same linewidth.
For long term frequency stability, the 986 nm laser is referenced to the
fixed frequency of a 852 nm laser via a transfer cavity (see Section 3.4.2).
In this setup, the transfer cavity is composed of two dielectric coated
mirrors in a confocal configuration, spaced by a 10 cm long ceramic tube.
A piezoelectric transducer (PZT) is placed between a mirror and the cavity
body to provide a tuning range of ∼ 1µm. Due to the difference in cavity
finesse, the FWHM of the transmission signals at 852 nm and 986 nm are
500 kHZ and 1.5 MHz, respectively. To minimize the dispersion shift caused
by the environmental factors, the cavity is placed inside an airtight sealed
aluminum housing and temperature stabilized using a thermistor and a
thermal-electric cooler (TEC). This isolates the cavity from the external
environment and minimizes the effects due to pressure fluctuations.
The performance of the transfer-cavity-lock is limited by a number of
factors. First, the precision level of the transfer-cavity-lock is intrinsically
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limited by the linewidth of the 852 nm laser (≈ 200 kHz). This introduces a
frequency uncertainty of ≈ 230 kHz to the 986 nm laser (see Section 3.4.2).
In addition, the transfer cavity has a high-Q acoustic resonance at 37 kHz
with a FWHM of 1 kHz, which causes an oscillation in the cavity when the
lock is engaged. However, this can be eliminated by installing a notch filter
in the signal path of the feed-back circuit.
In this system, a long term frequency fluctuation of ≈ 1 MHz is seen
in the 986 nm laser, indicating a residual fluctuation in the air refractive
index. This could be caused by the air temperature fluctuation of ≈ 1 ◦C,
as the aluminum housing is not temperature stabilized. A better stability
can be achieved by placing the cavity in vacuum.
3.5.1.2 The doubling cavity
The 986 nm laser is frequency-doubled to 493 nm via a type-I second
harmonic generation (SHG) process using a KNbO3 crystal placed in a
bow-tie cavity (Toptica: SHG 110) [78–80]. The cavity consists of two
curved mirrors and two planar mirrors and has a finesse of ≈ 100. This
finesse results in a cavity half-linewidth (κ) of 2pi × 6 MHz.
In the initial design, a massive flat mirror (thickness: ∼ 1 cm,
diameter: ∼ 1 cm) was attached to a PZT for tuning the cavity length.
However, due to the massive load, the PZT has a bandwidth of ≈ 3 kHz
only. In results, the system is vulnerable to the environmental noise,
which leads to an intensity fluctuation of ≈ 10 % at the cavity output.
To overcome this problem, the mirror dimension is reduced to: thickness:
1 mm, area: 3 mm× 3 mm. This improves the PZT bandwidth to ≈ 30 kHz
and eliminates the intensity fluctuation at the cavity output.
49
Chapter 3. Apparatus
3.5.1.3 The EOM and AOM setup
After the doubling cavity, the 493 nm laser is sent through a 4 GHz and
a 1.4 GHz EOMs consecutively. Note that these EOMs are used only for
driving the S1/2 → P3/2 transitions of 137Ba+. The corresponding hyperfine
levels are shown in Figure 3.6. Upon passing through the EOMs, the 493 nm
laser is split into two by a PBS. Subsequently, each beam is sent through
a quarter wave-plate, a half wave-plate and an acousto-optic modulator
(AOM). The polarization of each beam can then be set independently using
the pair of wave-plates. Additionally, individual beam can be switched on
and off by the AOMs. Afterwards, the beams are combined again using
a beam splitter (BS) and sent into the experimental chamber via a single
mode optical fiber.
3.5.2 The 650 nm Laser System
The overview of the laser setup is depicted in Figure 3.11. In brief, the
650 nm laser is produced by a laser diode (Thorlabs: DL-3147-060) in a
typical ECLD configuration. The laser frequency can be stabilized to an
iodine reference cell or the frequency of the 852 nm laser via a transfer
cavity. In order to cover all repumping transitions, a second 650 nm laser
is offset-locked to the first laser via a self-heterodyne locking system. The
lasers are then passed through an AOM system to generate all the require
frequencies and sent for experimental use.
3.5.2.1 The laser frequency stabilization
The initial wavelength of the laser is at 655 nm, which is 5 nm more than the


























Figure 3.11: The schematic diagram of the 650 nm laser setup. The
light path of the master and slave lasers are denoted by the red and
blue lines, respectively. The green blocks with label A, B and C are
photo-detectors. Photo-detector B is used to stabilize the transfer cavity
to the 852 nm laser., while detector A or C allows the 650 nm master
laser to be locked to either the transfer cavity or the iodine reference (I2
cell). The slave laser is offset-locked to the master via a self-heterodyne
locking system (see Section 3.4.3).
of the laser diode is set to approximately −5 ◦C. Since this temperature is
much lower than the dew point of surrounding air, the diode is placed
in an airtight sealed housing filled with dry nitrogen. In long run, a
dry environment is maintained in the housing using silica gel. At this
temperature, the laser wavelength is reduced to 650 nm. Then the fine
tuning of the wavelength can be achieved by using the grating in the ECLD
setup.
For loading and trapping of barium ions, the laser is stabilized to an
iodine absorption profile. In this case the width of the Doppler broadened
profile is estimated to be 800 MHz. Thus, using a slope of the profile as
the servo control signal, a tuning range of 400 MHz is easily achievable.
Although the lock provides a wide frequency tuning range which facilitates
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the optimization of Doppler cooling parameters, the laser frequency can be
easily drifted due to the change in environmental temperature. To obtain a
better frequency stability, the iodine reference cell (I2 cell) is temperature
stabilized to 80 ◦C via a thermistor attached to the heating wire. In
addition, the absorption depth is 30% relative to the profile shoulder at
this temperature, which presents a huge improvement compared to <5% at
room temperature.
Even through the heating wire is temperature stabilized, the actual
cell may not achieve the same level of stabilization as it has a poor
thermal conductivity (glass). Thus, a residual drift of a few megahertz
persists. Moreover, the set point of the lock depends strongly on the laser
intensity, which could be easily affected by the environmental factors. For
instance a change in the surrounding air temperature can result in a thermal
expansion/contraction of the optical table, which in turn affects the optical
alignment. For experimental data acquisitions, a better frequency precision
is required. This is achieved by referencing the laser frequency to the fixed
frequency of the 852 nm laser via a transfer cavity (see Section 3.4.2). For
frequency tunability, the 650 nm laser double-passes a 200 MHz AOM before
coupling to the transfer cavity. Changing the AOM drive frequency allows
the laser frequency to be tuned relative to the fixed length of transfer cavity.
3.5.2.2 The repumping system for 137Ba+
In order to repump the D3/2 hyperfine manifold of
137Ba+, the 650 nm laser
must contain four frequency components as listed in Table 3.2. To cover
the wide frequency span, a second 650 nm laser with a fixed frequency offset
from the first is used. From this point onwards, the first and the second
lasers will be labeled as master laser and slave laser respectively.
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Beam 137Ba+ Transition AOM Relative to
D3/2 |F′′ 〉 → P1/2 |F′ 〉 (MHz) Master (MHz)
R1 |F′′ = 3 〉 → |F′ = 2 〉 +200 +200
R2 |F′′ = 0 〉 → |F′ = 1 〉 −200 −200
R3 |F′′ = 2 〉 → |F′ = 1 〉 −110 −670
R4 |F′′ = 1 〉 → |F′ = 1 〉 2×+110 −340
Table 3.2: The AOMs’ driving frequencies for R1 − R4. The relevant
D3/2 → P1/2 transitions of 137Ba+ are shown in Figure 3.6.
The required frequencies are generated via an AOM system as
illustrated in Figure 3.11. First, the master laser is split into two by a PBS.
Each of these beams is in turn sent through an AOM and shifted by either
+200 MHz (R1) or −200 MHz (R2). Subsequently, these beams are sent to
the experimental chamber via an optical fiber to drive the D3/2 |F′′ = 3 〉
→ P1/2 |F′ = 2 〉 and D3/2 |F′′ = 0 〉 → P1/2 |F′ = 1 〉 transitions of 137Ba+.
Similarly, the slave laser is also split into two paths, with each passing
through a 110 MHz AOM either once or twice. This results in two laser
frequencies with either −110 MHz (R3) or +220 MHz (R4) detuned from
the initial value. Additionally, the slave laser maintains a fixed frequency
offset of −560 MHz from the master via a self-heterodyne locking system
[74, 75]. The detailed description of this locking scheme has been presented
separately in Section 3.4.3.
The laser beams are then sent to the experimental chamber via the
same fiber as mentioned earlier to drive the transitions D3/2 |F′′ = 2 〉 →
P1/2 |F′ = 1 〉 and D3/2 |F′′ = 1 〉 → P1/2 |F′ = 1 〉 of 137Ba+. Note that
the polarization of all laser beams can be independently defined by using




3.6 The Raman Lasers
As discussed in Chapter 2, the efficiency of a Raman transfer depends
strongly on the frequency stability of Raman lasers, especially when the
lasers are produced by different sources. In this section, the techniques and
tools used to stabilize the laser frequencies will be presented. Then the
laser properties will be evaluated against the requirement for performing
an efficient Raman transition.
The Raman laser system consists of three major components namely,
a 493 nm laser, a 650 nm laser and an ultra-stable transfer cavity. For
labeling purpose, this cavity is referred as the Red cavity, since the relevant
lasers coupled to this cavity are in the red or infrared regime. The main
function of the Red cavity is to provide a stable frequency reference to both
the 493 nm and 650 nm lasers. Additionally, the Red cavity also optically
stabilizes the 650 nm laser to a narrow frequency band. The 493 nm and
650 nm lasers are used in the Λ-type Raman transition between states
S1/2 and D3/2. Moreover, the 650 nm laser is also used to manipulate the
Zeeman level population within the D3/2 hyperfine manifold of
137Ba+ in
Raman repumper experiments (see Chapter 5). An overview of the setup
is illustrated in Figure 3.12. Detailed descriptions of each component will
be presented in the following subsections.
3.6.1 The Red Cavity
The cavity is composed of two concave mirrors that highly reflective coated
for 650 nm−1100 nm. The mirrors have a radius of curvature of 20 cm, and
are spaced by a 10 cm long hollow tube made of zerodur. In order to isolate
the cavity from the environmental effects, it is placed inside a 2.75 inch
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Figure 3.12: The schematic diagram of the Raman laser setup.
The optical isolator consists of a Faraday rotator sandwiched by two
Glan-Taylor PBS. For injection locking, the seeding source is send into
the laser via the first PBS. In the 650 nm optical feed back setup, a
Brewster’s angle (B.A.) window is used to reflect the cavity transmission
and prevent any unwanted light from getting into the laser.
temperature stabilization is done via heater strip elements attached to the
outer wall of the tee. Additional thermal isolation from the environment
is achieved by placing the tee inside a perspex box, which is filled with
expanding foam.
The cavity is stabilized to a temperature slightly higher than the room
temperature. To evaluate the cavity stability, a 780 nm laser is coupled to
the cavity and then the laser frequency is monitored by referencing to a
rubidium atomic reference. A frequency stability of ±300 kHz is observed
over a period of 17 hours, with a drifting rate of ≈ 17 Hz/s. This level
of drifts ensures a negligible impact on the experimental performance for




3.6.2 The 493 nm Raman Laser
The 493 nm Raman laser system has a setup identical to the 493 nm Doppler
laser as described earlier in Section 3.5.1. However, since this laser is
stabilized to a passive cavity isolated from the laboratory environment,
a better short term frequency stability is expected. To obtain the laser
linewidth, a high finesse cavity with a linewidth of 20 kHz at 493 nm is used.
The laser linewidth can then be estimated by analyzing the noise spectrum
on the cavity transmission profile. A detailed analysis can be found in [56].
Using this technique, the laser linewidth is measured to be 5.2 kHz. This
is in good agreement with the intrinsic linewidth measurement presented
in Section 3.5.1. With this linewidth, a Raman transfer efficiency of more
than 99% is attainable as long as the Raman rate is higher than 500 kHz,
which can be easily achieved with the current setup.
3.6.3 The 650 nm Laser
A free running 650 nm laser (Thorlabs: DL-3147-060) has a very broad
linewidth that spans up to 10 ∼ 15 MHz. Unlike the 986 nm laser, it is
technically challenging to reduce the 650 nm laser linewidth to < 100 kHz
by just using an ECLD setup. Here, the Red cavity is used to feedback the
beam from the 650 nm diode laser and provide resonant optical stabilization
of the laser [81, 82].
Briefly, the 650 nm laser is produced by a laser diode placed in
an aluminum housing with a condition similar to that described in
Section 3.5.2. To minimize the unwanted optical feedback from the optical
reflection, the laser is sent through an optical isolator placed right after the
diode output. The laser is then coupled to the TEM00 mode of the Red
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cavity. Afterwards, the transmitted light will be coupled back to the laser
diode and stabilizes the laser frequency to the cavity resonance.
Since the entire optical feed back loop forms an effective ring
interferometer by itself, the optical path length must match the resonant
phase condition. For this purpose, the laser beam is reflected by a mirror
mounted on a PZT through a PBS and a quarter wave-plate before being
sent to the cavity. Using this setup, the light path can be varied up to a
few tenths of microns. In order to keep track of the cavity resonance, the
PZT length is servo controlled via the PDH technique.
At 650 nm, the cavity has a finesse of 3000 which results in a
cavity linewidth of 500 kHz. When the optical feedback is engaged, this
narrow-band spectrum seeds the laser and reduces its linewidth from
∼ 10 MHz to 1.5 kHz. Here, the laser linewidth is determined using the
same method as mentioned in Section 3.6.2. This measured linewidth is
even narrower than that of the 493 nm laser, thus would not be a limiting
factor to the experimental performance.
In some experiments (see Chapter 5), the 650 nm laser is also used for
manipulating the population in the D3/2 hyperfine manifold of
137Ba+, in
addition to its role in driving the Raman transition between states S1/2 and
P3/2. Thus, more laser power is needed from the 650 nm laser setup. In
order to meet the power requirement, the narrow linewidth 650 nm laser is
fed into a laser diode (Opnext, HL6545MG) which is capable of producing
up to 120 mW of optical power. This configuration injection-locks the high




3.7 The Synchronization Between the
Experimental Cavity and the Cavity
Probing Laser
In the cavity QED experiments carried out in this thesis, the experiment
cavity and probing laser are detuned from the S1/2 ↔ P1/2 transition of
138Ba+ by ∆ ≈ 2pi × 110 MHz and the line-width of the cavity is on the
order of 100 kHz. Thus, locking the experiment cavity, requires a narrow,
far detuned laser and probing requires a narrow, near detuned laser. This
placed additional constraints on the laser system. First, the probing laser
can be derived from the blue Doppler cooling laser (BD) by a simple AOM
shift, but its frequency stability must be improved for efficient coupling
into the experiment cavity. Second, the Red Raman laser (RR) provides
a narrow, far detuned laser for locking, but the residual slow drift of the
corresponding reference cavity, the Red cavity, needs to be accounted for.
An additional complication stemmed from the fact that the PZT setup for
controlling the experiment cavity exhibited a high-Q resonance at 11 kHz.
This limited the cavity locking bandwidth to approximately 3 kHz and thus
high frequency jitter of the cavity lock also needed to be addressed.
In this section we elaborate on the implementation used to address
these issues. We first introduce the transfer cavity, which we refer to as the
Blue cavity, which was used as a reference between RR and BD. We then
discuss the locking technique that mapped frequency jitter of the cavity
back onto the blue probing laser such that the relative detuning between
the cavity and probe remained fixed over a bandwidth much larger than
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Figure 3.13: The conceptual diagram of the cavity-laser stabilization
system. The red arrows indicate the path sequence of 650 nm laser whose
frequency is tied to the Red cavity length, while the blue arrows indicate
that of 493 nm cavity probing laser (BD) which is locked to the RR via
the Blue cavity. The black arrows indicate the RF path between the RF
devices and the α-boards. The parameters fBD0 and fRR0 are the initial
frequencies of the BD and RR. The initial AOMs’ drive frequencies are
denoted by f¯RF0 and fRF0. The frequency drifts or jitters of the Red,
Blue and experimental cavities are denoted by the parameters δfR, δfB
and  respectively. The parameter α is the wavelength ratio of 493 nm
laser to 650 nm laser.
3.7.1 The Blue Cavity
For the cavity experiments planned, the drift of the experiment cavity
resonance must be small relative to the 110 MHz detuning from the atomic
resonance. However, drifts of the relative detuning between the probe and
the cavity must remain fixed. As discussed in Section 3.4.2, if the cavity
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resonance shifts by δfR at an operating frequency of 650 nm then it shifts
by αδfR at an operating frequency of 493 nm where α = 650/493 is the
ratio of the wavelengths.
Over the course of a few hours the Red cavity drifts less than 300 kHz
and thus, in principle, this cavity is sufficiently stable provided the Red
cavity drift is mapped to the probe laser derived from BD. In principle,
the Red cavity could be used as a reference for the Doppler cooling laser
as well. However, due to limited optical access, it was necessary to use a
second transfer cavity which we refer to as the Blue cavity. This cavity is a
passively stabilised cavity with a design similar to that of the Red cavity as
described in Section 3.6.1. The mirrors used were from the same stock as
for the experiment cavity and thus provided a high finesse at both 650 nm
and 493 nm. The cavity has a length of 5 cm and linewidth of 17 kHz and
20 kHz at 493 nm and 650 nm, respectively.
The set up used is depicted in Figure 3.13. A pick-off beam from RR
is double passed through an AOM and coupled to the Blue cavity. The
frequency used to drive the AOM is provided by a VCO. A PDH signal is
used in a feedback loop to the VCO to keep the laser locked to the Blue
cavity. Simultaneously, a pick-off beam from BD is also double passed
through an AOM and locked to the Blue cavity. In this case, as indicated
in Figure 3.13, the AOM drive frequency is fed forward from the VCO
driving the RR AOM after passing through an α−board. This board uses
Direct digital synthesis technology to multiply the input frequency by a
preset constant α and add/subtract a fixed frequency offset. Both AOM’s
are optimised to downshift the frequency of the beam.
Since BD is locked to the Blue cavity it has an inherently narrow line
width as required for the cavity experiments. To understand how the drift
of the Red cavity is compensated, let us denote the frequency drifts of the
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Red and Blue cavities at an operating wavelength of 650 nm by δfR and δfB
respectively. Since RR is optically locked to the Red cavity, it’s frequency,
fRR is given by
fRR = fRR0 + δfR (3.7)
where fRR0 is a fixed value. Thus, for the pick-off beam to be locked to the
Blue cavity, the VCO frequency, fV CO, driving the AOM in the RR line
must be given by
fV CO = fRF0 +
1
2
(δfR − δfB) (3.8)
where fRF0 is a suitable fixed frequency offset and the factor of 1/2 accounts
for the double pass configuration. The drive frequency, f¯V CO for the AOM
in the BD line is then given by
f¯V CO = f¯RF0 +
α
2
(δfR − δfB) (3.9)
Thus, for BD to be locked to the Blue cavity it’s frequency fBD must be
given by
fBD = fBD0 + αδfR (3.10)
where fBD0 is also fixed. Thus, the drift of the Blue cavity is exactly
cancelled; if RR drifts by δfR, BD will drift by αδfR. This is exactly the
compensation needed. If the experiment cavity is locked to RR, a drift of
δfR at 650 nm in the Red cavity will result in the drift of αδfR at 493 nm
in the experiment cavity.
3.7.2 The Compensation for the Fast Jitter in the
Experimental Cavity
As mentioned earlier, the experiment cavity exhibited a high-Q resonance
at 11 kHz. This limited the cavity locking bandwidth to approximately
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3 kHz leaving residual high frequency jitter of the cavity relative to the
probe. An additional control loop was necessary to compensate this jitter
and keep the probe frequency fixed relative to the cavity.
As depicted in Figure 3.13, the RR laser is passed through a wideband
EOM which is driven by a VCO. A PDH signal from the experiment cavity
is used in a feedback loop to control the VCO such that the sideband from
the EOM is locked to the experiment cavity. This servo-loop could track
the cavity jitter up to a bandwidth of approximately 1.2 MHz. However
the DC operating frequency of the VCO and therefore the DC resonance
of the cavity is unconstrained. To address this, the VCO control voltage
is used in a low bandwidth feedback loop to the experiment cavity PZT
such that the VCO dc voltage remains fixed. In effect, the laser is locked
to the cavity at high frequency, and the cavity is locked to the laser at low
frequency.
In this configuration, the VCO frequency gives a direct measure of
the experiment cavity frequency jitter at an operating frequency 650 nm.
As depicted in Figure 3.13, this VCO frequency passes through another
α-board whose output drives an AOM in a double pass configuration. For
an appropriately chosen α, this compensates the probe laser frequency such
that the probe and cavity jitter in synchronous keeping the detuning of the




In this chapter, various methods and techniques used in trapped ion
experiments are discussed. The chapter consists of five sections and
is organized as follows. First, the ion loading method is discussed in
Section 4.1 which is composed of two sub topics namely the atomic source
design and the ionization technique. The technique used to determine the
temperature of trapped ions is then presented in Section 4.2. Section 4.3
describes the Raman cooling technique used to cool a trapped ion to a
sub-Doppler temperature. The corresponding performance and limiting
factors are also discussed in the same section. In Section 4.4, the focus
of the chapter turns to cavity QED experiments. This section describes
the essential methods and techniques used in cavity experiments such as
measuring the single atom cooperativity and aligning a trapped ion to the
intra-cavity field. Finally, a cavity enhanced single ion spectroscopy used
for calibrating laser frequencies is described in Section 4.5.
63
Chapter 4. Experimental Methods
4.1 Ion Loading
Ion loading is typically a two step process in which neutral atoms are
created in the trap and are then subsequently ionized. In this thesis, neutral
barium atoms are sent into the trap in the form of an atomic vapor which
is produced by a resistively heated oven. The atoms are then photo-ionized
at the trap center and subsequently confined in the trap.
4.1.1 Barium Oven
The oven is composed of a 3.5 mm diameter stainless steel tube with
25µm wall-thickness and ∼ 10 mm length. As barium is highly reactive
to air, loading of barium pieces into the oven is done under an argon filled
environment. After the loading, the ends of tube are sealed. Each of these
ends is welded to a tantalum lead for electrical connection. Tantalum is
chosen here for its relatively low thermal conductivity, therefore the heat
produced in the oven will not be easily dissipated. A small hole on the
oven, allows the atomic vapor to escape.
In the experimental chamber, the oven is positioned such that the hole
faces the trap center at approximately 20 mm away. When a current is run
through the oven, the solid barium will be heated up which then produce
a higher vapor pressure P (Pa) according to the relation [84]
logP = 9.733− 9304
T
, (4.1)
where T (Kelvin) is the oven temperature. Note that the range of validity
of this equation is 700− 1200 K. The free atoms produced by the oven are
then ionized in the ion trapping region and subsequently confined in the
trap.
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Figure 4.1: The photo-ionization scheme for both Ba-137 and Ba-138.
The isotope Ba-137 has a nuclear spin of 3/2, which splits a non-zero
spin-orbit number J into three hyperfine states. On the other hand,
the isotope Ba-138 has zero nuclear spin, thus does not have hyperfine
levels.
4.1.2 Photo-ionization
In trapped ion experiments, two commonly used ionization techniques are
electron impact ionization and photo-ionization. Between them, the latter
has been experimentally shown to be orders of magnitudes more efficient
than the former [85]. In addition, a photo-ionization process can be isotope
selective if the linewidth of the ionization laser is much smaller than the
frequency separation between the ionizing transitions of the isotopes of
interest [85, 86]. Moreover, free electrons produced in the electron impact
ionization process may cause charge buildup on insulating surfaces of the
trap and result in excess micromotion of the trapped ions [87, 88]. Thus, a
photo-ionization technique is chosen here for creating singly charged barium
ions Ba+ from the atomic beam.
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The ionization of both 137Ba and 138Ba is achieved via a three step
excitation scheme as illustrated in Figure 4.1. First, the neutral barium
atoms are excited from state 1S0 to state
3P1 via a 791 nm laser [89].
Subsequently, a 450 nm laser [89] further excites the atoms to another state
3P1 at a higher energy level. From this level, any photon with a wavelength
shorter than 1400 nm is able to ionize the atom. Hence, both the 791 nm
and 450 nm lasers are in fact sufficient to complete the whole ionization
process. However, these lasers are set to low intensity so that the isotope
selectivity of the excitation process is not affected by the power broadening
[90]. This in turn results in a low excitation rate of the third ionizing step.
To achieve a high ionization rate, a high power 650 nm laser is sent into the
trap to facilitate the final step of the ionization process. This laser field is
conveniently provided by the 650 nm Raman laser used in the experiments.
In future setup, it is possible to replace the 450 nm ionization laser by a
457 nm laser, which excite the atom from state 3P1 to a higher state
3P0.
The advantage of using this laser is that the laser is only ≈ 2 THz detuned
from the S1/2 → P3/2 transition of Ba+ and can therefore be a potential
Raman laser.
4.2 Temperature Measurement of 138Ba+
A standard technique for determining the mean vibration quanta, 〈n〉, for
a thermal state is to compare the transfer efficiencies when driving red and
blue motional sidebands of a Raman transition between two internal states
[2]. In this case the ratio of transfer efficiencies can be directly related to





1 + 〈n〉 , (4.2)
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Figure 4.2: The temperature measurement and the state detection
scheme: (a) The ion is prepared in S1/2|mJ = 1/2, nz = n 〉 using a
493 nmσ+ laser beam, D3. Afterwards, the R1 and R2 Raman beams
drive the Λ-type Raman transition and transfer the ion to D3/2|mJ =
3/2, nz = m 〉. Both R1 and R2 are detuned by ∆R from P1/2. (b) The
unsuccessfully transferred ion from S1/2 is shelved by the D4 laser beam
to D5/2 via P3/2 with 87% transfer efficiency, while in 13% of the events,
the ion will end up in D3/2. (c) The Doppler cooling beams, D1 and D2,
are turned on. If the ion is in D5/2, it is out of the cooling cycle and thus
no fluorescence will be detected. (d) The repumping beam, D5, depletes
the population in D5/2 and moves the ion back to the Doppler cooling
cycle.
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where Pr and Pb are the strengths of the red and blue sidebands respectively.
For moderate values of 〈n〉, it is easy to see that this method becomes
inaccurate as the ratio saturates to unity. For larger 〈n〉 experimentalists
have used another technique which compares Rabi flopping on the red
and blue motional sidebands [91, 92]. In this thesis, it was found that
a more accurate and faster determination can be achieved by comparing
the transfer efficiencies of several motional sidebands in the Raman spectra.
As 〈n〉 increases higher order motional sidebands appear. Thus 〈n〉 in the
direction of interest can be obtained from the fit of the Raman spectrum to
the temperature-dependent probability of transfer from S1/2 to D3/2 levels.
In general this transfer probability is (see Chapter 2: Section 2.3.2.2)





















where δm = δ−mω, τR is the Raman pulse length, δ is the detuning of the
Raman beam from the carrier transition, ω/2pi is the trap frequency along
the direction of interest and Ωi,j is the effective Raman Rabi rate












for resonantly driving transitions | i 〉 → | j 〉. In this equation, ηRz is the LD
parameter, Lαn(x) is the generalized Laguerre polynomial and the parameter





where ΩR1 and ΩR2 are the Rabi rates of the R1 and R2 lasers, respectively
and ∆R is the detuning of the Raman lasers from the S1/2 ↔ P1/2 or
P1/2 ↔ D3/2 transition.
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Figure 4.3: Three examples of Raman spectra used for inferring the
temperature. The dots with error bars are the experimental data while
the solid lines are the fit of Equation 4.3. Here, the Raman lasers are
detuned by ∆R ≈ −500 GHz from state P1/2 and ηR ≈ 0.15. The zero
position in the horizontal axis denotes the carrier resonance. Fitted
parameters: (a) 〈nz〉 = 2.5(2) and Ωr = 2pi × 113(1) kHz. (b) 〈nz〉 =
30(1) and Ωr = 2pi × 117(2) kHz. (c) 〈nz〉 = 57(2) and Ωr = 2pi ×
118(2) kHz. The reduced χ2 values of all fits are ≈ 1.
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The procedure for obtaining the spectrum is illustrated in Figure 4.2.
Briefly, the ion is first prepared in S1/2|mJ = 1/2 〉 by switching on a
493 nm σ+ beam, D3, and the 650 nm repumping beam, D2, for 20µs. The
Raman beams, R1 and R2, are then turned on to transfer the ion from
S1/2|mJ = 1/2 〉 to D3/2|mJ = 3/2 〉 via a Λ-type Raman process. After
the Raman process, a 455 nm beam [89], D4, is switched on for 20µs to
transfer the remaining ion population in S1/2 to D5/2 via P3/2. For state
detection, the Doppler cooling beams, D1 and D2, are turned on for 800µs.
If the ion is in D5/2, it is out of the cooling cycle and thus no fluorescence
will be detected. If the ion is in D3/2, eight photons on average will be
collected into a single photon counting module (SPCM). The state detection
efficiency is only ≈ 87 % due to the branching ratio of the spontaneous
decays between P3/2 → D3/2 (13 %) and P3/2 → D5/2 (87 %). After the
detection, a repumping beam at 614 nm [89] is turned on for 100µs to
deplete the population in D5/2. To obtain a complete spectrum, the same
procedure is carried out for a range of Raman frequencies which cover the
relevant vibrational resonances. Examples of the obtained Raman spectra
are shown in Figure 4.3.
4.3 Two-color Raman Cooling of 138Ba+
The Raman cooling of 138Ba+ is performed using the same Λ-transition
used for temperature measurement (see Section 4.2). In order to drive
the cooling sideband along the axis of interest, the Raman resonance is
red-detuned by the relevant trapping frequency from the carrier transition.
The procedure for performing Raman cooling is illustrated in
Figure 4.4. To reduce the vibrational occupation number, the ion is first
prepared in S1/2|mJ = 1/2 〉 by switching on D2 and D3 for 15µs. A
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Figure 4.4: The Raman cooling scheme. (a) The ion is prepared in
state S1/2|mJ = 1/2 〉 using D2 and D3. (b) The Raman laser is resonant
with a red motional sideband. To drive the population from |n 〉 →
|n − 1 〉, a pulse duration of pi/Ωn,n−1 is applied. The whole process is
iteratively performed until a minimum 〈n〉 is achieved.
Raman pi-pulse consists of R1 and R2 is then turned on for a period of
pi/Ωn,n−1, calculated using Equation 4.4. After this pulse, the vibrational
occupation number will be reduced by one. In principle, repeating the cycle
continuously in a descending n order should cool the ion to the vibrational
ground state.
Experimentally, the cooling is performed along the direction with a
trap frequency of 2pi×400 kHz. At Doppler temperature, the corresponding
mean vibrational number is 〈n〉 ≈ 25, which implies 99% of the population
is distributed up to n = 120. In order to cool this percentage of
population, 120 cooling cycles are needed. The Raman rate Ωr is set to
only 2pi × 100 kHz such that the motional sidebands can be well resolved
(see Chapter 2: Section 2.3.3). However, this results in a relatively long
cooling time of ∼ 3 ms. Using this method, a cooling limit of 〈n〉 = 2.5(2)
is achieved. An example of Raman spectra obtained after the cooling is
shown in Figure 4.3(a).
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Two major factors limiting the cooling performance are trap heating
and imperfect transfer efficiency. After each Raman transition, it takes an
average of 4 scattering events to transfer the ion from D3/2|mJ = 3/2 〉
to S1/2|mJ = 1/2 〉. Ideally, once the ion is optically pumped into the
S1/2|mJ = 1/2 〉 state, it should stay there for the rest of the state
preparation period (15µs). In practice, the ion could be depumped from
the S1/2|mJ = 1/2 〉 state by the residual σ− component in beam D3 due
to imperfect laser polarization. In a typical setup, the D3 beam has a Rabi
rate of 2pi × (20 ∼ 30) MHz with a ≈ 25 dB suppression of the undesired
σ− polarization. However, the residual σ− component can still depump the
ion twice over the period of 15µs. For each depumping, it takes another 4
scattering events to put the ion back to state S1/2|mJ = 1/2 〉. Thus, there
are 12 scattering events in total following each Raman transition. For a
LD parameter of η = 0.12, this results in an increase of 0.17 phonon per
cooling cycle. In addition, the trap has a heating rate of ≈ 2.5 phonon
per millisecond. Note that this rate is about two orders of magnitude
larger than the anomalous heating rate extrapolated from Ref. [93]. While
the heating source is yet to be identified, the heating is likely caused by
the electronic noise coupled to the low-Q step-up transformer. Together,
this gives a heating rate of 0.24 phonon per cooling cycle. On the other
hand, the transfer efficiency is affected due to the relatively broad 493 nm
Raman laser linewidth (γL = 5.2 kHz). By considering these two factors,
the cooling limit can be estimated using the following model.
To simulate the Raman cooling process, the discrete change in the
vibrational population density state ρ for each cooling cycle is considered.
After applying a Raman pi-pulse to transfer the vibrational population from








j+1,j ρj+1 , (4.6)
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where T
(m)
j,j−1 is the transition probability from | j 〉 → | j − 1 〉 due to the


















In the same cooling cycle, the change due to trap heating is
ρ′j = (1− δH) ρj + δH ρj−1 , (4.9)
where δH is the heating rate per cycle. Combining these equations and
extending to all levels give a set of linear equations which can be written
in a matrix form
ρ′ = δH ·
(




1− T (m)1,0 T (m)2,1 0 0
0 1− T (m)2,1 . . . 0
...
. . . . . . T
(m)
N,N−1






1− δH 0 . . . 0
δH 1− δH . . . ...
0
. . . . . . 0
0 0 δH 1− δH

, (4.12)
for a population density state ρ truncated at N -level.
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The Raman cooling process can be simulated by iterating
Equation 4.10 from m = 120 → m = 1. Assuming an initial 〈n〉 of 25
and a thermal state distribution, the simulation yields a final temperature
of 〈n〉 = 2.45(24), which is in good agreement with the experimental result.
The uncertainty of ±0.24 phonon in the simulation is due to the error from
truncating ρ at N = 150. Considering the worst case scenario where the
population beyond the truncation point is totally uncooled, the thermal






× n ≈ 0.47 . (4.13)
In reality, this portion of population may still be cooled to a certain extent
and therefore the error  can be within the range of 0 ≤  ≤ 0.47, or in a
symmetrical expression, −0.24 ≤ − max/2 ≤ 0.24.
According to the simulation, the cooling efficiency is mainly limited by
the trap heating. Reducing the heating rate by 50% improves the cooling
limit to 〈n〉 < 1. This is possible by having a stronger trap confinement
which results in a higher trap frequency and a smaller LD parameter. In
addition, the higher trap frequency would allow for a higher Raman rate
as motional sidebands are better resolved. This in turn relaxes the laser
linewidth requirement. Additionally, the trap heating could be reduced by
replacing the step-up RF transformer by a coaxial helical resonator that
typically has a relatively high Q factor [94].
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Figure 4.5: The cavity birefringence modes at 493 nm. The dots are
the measurement data, while the blue and red lines are Lorentzian fits to
the two respective modes. From the measurement, the mode separation
is fitted to be δb = 239(1) kHz.
4.4 General Methods in Cavity QED
Experiments
4.4.1 Cavity Linewidth Measurements
The cavity linewidth is estimated from fitting a Lorentzian function to the
cavity transmission profiles shown in Figure 4.5. The cavity is slightly
birefringent with polarization modes split by 239(1) kHz. Additionally, the
polarization modes happen to be aligned to within a few degrees of the
vertical and horizontal axis respectively. The corresponding FWHM are
measured to be 337(2) kHz and 350(2) kHz. The difference in the measured
FWHM could be due to a misalignment between the laser polarization and
the birefringence mode. In any case, the difference between the FWHM is
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Figure 4.6: The cavity output against the stepping of the Attocube
nanopositioner in the downward direction. The dots are the cavity
output data, while the line is the simulation based on a 34µm cavity
mode waist and a relative displacement of the ion along the cavity axis
in an approximately 30 : 1 ratio. It is found that the step size of
the nanopositioner in the upward direction is smaller than that in the
downward direction by ∼ 25%, consistent with the finding in [95].
taken to be the experimental error and the effective cavity half-linewidth
is given by the average half-linewidth of the modes, κ = 2pi × 172(5) kHz.
4.4.2 Alignment of the Cavity Field to a Single Ion
Alignment of the cavity field to a single ion is done in stages to allow for
both coarse and fine tuning. This is performed using a PZT system (see
Section 3.2) which is able to move the cavity in the vertical and the cavity
axial directions. In brief, there are two major steps involved in the process.
First, a crystal of ions is trapped and the cavity is slowly moved in
the vertical direction to probe for the ion emissions using the Attocube
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nanopositioner. Since the crystal has a size of several tens of microns, the
cavity field and the crystal can be overlapped easily and the ion emissions
can be easily collected. Then the cavity will be moved to the position where
the highest collection rate is obtained. This method provides a convenient
way to get a rough idea of the correct cavity position. However, it is only a
coarse tuning process as the precision of the set position is limited by the
crystal size.
In the second step, only a single ion is confined in the trap center
for a fine tuning process. Similar to that described previously, the vertical
alignment is done using the Attocube nanopositioner. However, the vertical
motion also results in a displacement of the ion along the cavity axis, with
the vertical to axial displacement having a ratio of 30 : 1. This effect was
not obvious in the previous process as the displacement of the ion along
the cavity axis in each vertical step is negligible compared to the crystal
size. In this fine tuning process, a vertical movement of ≈ 3.6µm of the
cavity allows the ion to move from a cavity node to antinode. An example
of the cavity output during the alignment process is shown in Figure 4.6.
By maximizing (minimizing) the scattering into the cavity, the ion can be
positioned to the antinode (node) of the cavity to an accuracy of about
±10 nm limited by the step size of the nanopositioner. In addition, the ion
can also be positioned to center of the intra-cavity mode to a precision of
∼ 1µm by monitoring the cavity output profile.
4.4.3 Ion-Cavity Emission Profiles
A typical ion-cavity emission profile as shown in Figure 4.7 can be obtained
using the setup as depicted in Figure 4.8. In Figure 4.7, there are three
resonances corresponding to the Zeeman processes described by the inset.
The central peak corresponds to the two pi transitions, which can be driven
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Figure 4.7: The ion-cavity emission profiles. Three peaks are seen in
the output profiles when the cavity length is swept over the ion-cavity
Raman resonances for a range of ±10 MHz. A small inset in the figure
describes the origin of the peaks. The probe laser has a pi-polarization
which drives transitions as indicated by the black arrows pointing
upwards in the inset. Using Lorentzian function, the splitting between
the side and the center peaks is fitted to be 7.819(8) MHz. This
corresponds to a magnetic field strength of 5.585(6) Gauss.
when the ion is in either one of the mJ states. Whereas, the side peaks
correspond to the σ+/− transitions, each of which can be driven only when
the ion is in a particular mJ state. After each σ
+/− transition, the ion
depends on off-resonance scattering events to the upper P1/2 state to recycle
back to the initial Zeeman state. Thus, the side peaks are lower than the
central. Since the peak separations are given by the Zeeman splitting, a
careful measurement of the peak positions allows the magnetic field to be
determined to a milli-Gauss precision. For instance, see the caption of
Figure 4.7.
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4.4.3.1 Birefringence induced phase retardation
It is widely known that a Fabry-Perot cavity configuration can be used
to detect an ultralow birefringence in the cavity mirror [96–98]. Using
this configuration, a phase retardation sensitivity of 10−6 radian has been
reported [96]. In this thesis, a phase retardation of the ion-cavity emission
due to cavity birefringence is observed. It is found that the phase of the ion
emissions along one cavity birefringence mode is retarded by approximately
λ/4 relative to another. This coincidently makes the cavity a quasi quarter
wave-plate to the ion-cavity emissions.
As mentioned earlier, the ion-cavity emission is collected from a setup
as depicted in Figure 4.8(a). In order to determine the polarization of
the emission, a pair of right and left handed circular polarization filters
is used. Each of these filters is composed of a quarter wave-plate and a
linear polarizer, which configured to suppress the unwanted polarization
by at least 30 dB. The cavity emissions are sent through the filters, one at
a time, and the transmissions of the filters are shown in Figure 4.8(b) and
4.8(c) respectively.
From the measurement results, it can be concluded that both the pi
and σ+/− emissions are elliptically polarized with a dominance of circular
polarizations. Comparing both figures, the center peak shows a difference
in height of ≈ 8.3 times. This corresponds to a phase retardation of ≈ 0.20.
However, the side peaks do not show a similar contrast in height (only ∼
3 times) and the reason is unclear. As these peaks involve off-resonance
scattering which may complicate the coupling dynamics, their contributions
are neglected in considering the phase retardation imposed by the cavity.
In order to explain the observed phase retardation, a brief theoretical
notion will be given. Consider a birefringence cavity which has a single pass
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B-field Birefringence axes
pi σ+/σ−
Figure 4.8: The measurement setup and the cavity emission profiles.
Figure (a) presents the view along the cavity axial direction. The
blue and the green double headed arrows indicate the projection of the
polarization axes of pi and σ+/− emissions along the cavity axis. A
right or left handed circular polarization filter is used to filter the cavity
emission. After the filtering, a transmission profile as shown in (b) or
(c) is obtained. The data in both figures (b) and (c) are normalized to
the center peak in figure (b). If a non-birefringent cavity is used, the
ion emissions collected by the cavity will be linearly polarized along the
direction of either the blue or green double headed arrow. In this case,
the profile in (b) and (c) will be the same as a linearly polarized beam
consists of an equal amount of right and left handed circularly polarized
components.
optical path difference of d for two orthogonal polarization modes. The
corresponding phase shift is given by δ = 2pid/λ, where λ is the relevant
wavelength. Upon leaving the cavity, the total phase shift experience by
the intra-cavity field is enhanced by the cavity enhancement factor, 2F/pi,
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where the parameter L is the cavity length and c is the speed of light.












For the experimental cavity, δb = 239(1) kHz and κ = 2pi × 172(5) kHz.
This results in a phase retardation of φ/2pi = 0.221(7) consistent with the
experimental observation.
4.4.4 The Single Atom Cooperativity
For a single 138Ba+ ion located in the middle of the cavity mode, the





≈ 2pi × 2.13(3) MHz , (4.17)
where the parameter c denotes the speed of light, λ is the transition
wavelength (493 nm), L is the cavity length, w0 is the cavity mode waist
and γsp is the half-linewidth of transition P1/2 ↔ S1/2. Thus, the cavity
QED parameters are (g0, κ, γ) = 2pi × (2.13(3), 0.172(5), 10.05(35)) MHz
[100], yielding a single atom cooperativity C0 = g
2
0/κγ = 2.64(14) [101].
However, the effective coopearativity (C) is greatly reduced from this
value due to the following factors: the reduced dipole matrix element for
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Figure 4.9: Sc versus Ssp. Each data point is the average over
one hundred thousand repetition of 100µs detection window. Doppler
cooling pulse of 1ms was added in each experimental cycle to ensure
the same ion temperature for every measurement taken. The data is
fitted to Equation 4.18 and the fitted parameters are C ′ = 0.24(2) and
Ss = 6.8(0.5)× 106 s−1.
pi-polarization (0.33), branching ratio for S1/2 ↔ P1/2 transition (0.756(12))
[100] and cavity birefringence (0.672(13) at the midpoint between the
modes). The combination of these independent parameters results in an
effective cooperativity of C = 0.446(21), valid for an ion in the LD regime.
Experimentally, the cooperativity can be measured by checking the
ratio between the emission rate of the cavity output (Sc) and the
fluorescence rate of the ion into free space (Ssp). The relationship between





where Ss is the saturation parameter characterizing the saturation behavior
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at large scattering rate due to the finite repumping rate of the metastable
D3/2 state [35]. The measurement was done simultaneously using two
SPCMs to collect the photons emitted into two different ports. The
experaimental data is shown in Figure 4.9. The data values are calibrated to
the SPCM photon collection efficiencies described in Chapter 3: Section 3.3
and 3.2.2. Fitting the data to Equation 4.18, the cooperativity is measured
as C ′ = 0.24(2). Since the measurement was performed on an ion at
Doppler temperature, this value incorporates an additional thermal factor
of 0.60 (see Chapter 2: Section 2.5). Taking this factor into account gives
C ′ = 0.40(3), which agrees well with the estimated value for an ion in the
LD regime.
4.5 The Cavity-Enhanced Single Ion
Spectroscopy
4.5.1 Overview
In atomic physics experiments, lasers are used for manipulating atomic
states, therefore the ability to determine their frequency positions is of
crucial importance. For instance, a Doppler cooling laser is typically
red-detuned by half of the transition linewidth from the relevant atomic
resonance. For common atomic and ionic species such as Rb and Ba+,
the transition linewidth is typically in the megahertz regime. Thus, this
imposes a particular precision requirement to the laser frequency position.
In neutral atom experiments, the laser frequency can be easily
stabilized to an atomic reference cell using a saturation spectroscopy setup
[102]. However, this method is not applicable in a trapped ion experiment as
no ionic reference cell is available. Typically, the frequency reference for an
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ion trap experiment consists of multiple elements. The following examples
are some of the commonly used references: a molecular reference cell, which
happens to have rotational or vibrational transitions around the region of
interest [103, 104], a hollow-cathode discharge lamp which contains the
atomic element of interest for optogalvanic detection [103, 105, 106], an
ultra-stable optical cavity [93] or an additional large ion trap as a resonance
lamp for frequency calibration [93].
In this thesis, the experimental lasers are stabilized either using an
ultra-stable cavity or transfer cavity locks as described in Chapter 3.
However, these cavities must be calibrated by an absolute frequency
reference to be useful. For this purpose, a wave-meter (HighFinesse WS/7)
with a resolution of ±60 MHz is used. Since the resolution is much larger
than the linewidth of the relevant ionic transitions, this wave-meter is only
used for coarse tuning. To achieve a sub-megahertz resolution, a better
frequency reference is required. This is achieved by calibrating the laser
frequencies to a cavity-enhanced single ion spectroscopy.
4.5.2 Methods
Cavity-enhanced spectroscopy has been widely used to enhance the
detection of absorption spectra of weak absorbers [107–109]. In fact, a
similar concept is applicable when the absorber is a single atom, provided
that the atom is at least in a moderately strong coupling regime. Using
this method, the frequency of 493 nm probing laser can be determined
by referencing to the absorption profile seen in the cavity transmission.
Subsequently, the frequency of 650 nm repumping laser can be determined
using the electromagnetically induced transparency (EIT) [110]. This effect
is shown in a three level Λ system interacting with two radiation fields
detuned by an equal amount from their respective transitions.
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Figure 4.10: The cavity-enhanced single ion spectroscopy setup. An
ion is trapped at the crossing of the incident 650 nm repumping laser
and the anti-node of the intra-cavity field. Cavity emission is sent to
a SPCM via a single mode fiber. The inset shows the relevant energy
diagram of 138Ba+. In this measurement, ∆c = ∆p at all time.
In brief, the spectroscopy consists of a three levels Λ atom interacting
with an intra-cavity field and an external repumping radiation field
as shown in Figure 4.10. Using the theoretical model discussed in
Chapter 2: Section 2.4, the interaction Hamiltonian of the system is given
by
HˆI = −~∆pσˆ†pσˆp − ~∆rσˆ†rσˆr − ~∆caˆ†aˆ+ ~g
(

















The parameters are defined in the same way as that in Chapter 2. In this
setup, the probing laser is constantly resonant with the cavity, thus ∆p =
∆c. The evolution of the system is described by the master equation which
includes the dissipative terms. In order to obtained a steady state solution,
the master equation is solved numerically using Matlab QOToolBox [111].
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In the limit where the 650 nm repumping laser is weak Ωr → 0, an
analytical steady state solution of the cavity transmission can be obtained
[112, 113]




(γ + g2/κ)2 + ∆2c
. (4.20)
The equation indicates a Lorentzian dip in the cavity transmission profile
around the ionic transition with a half-linewidth of (γ + g2/κ). The depth
of dip is given by the second term in the equation which depends on the
ion-cavity coupling strength. Taking ∆c = 0, this term can be simplified










For an effective cooperativity of ∼ 0.24 (see Section 4.4.4), a profile depth
of 35% is expected. Hence it is therefore possible to detect the absorption
profile of a single 138Ba+ ion.
If the repumping laser is strong, an EIT peak will appear in the
absorption profile. This peak has a FWHM that is determined by the laser
Rabi rate Ωr [110, 113]. Locating the peak position within the absorption
dip allows the repumping laser frequency to be determined relative to the
ionic resonance.
4.5.3 Measurements
The spectroscopy setup is depicted in Figure 4.10. Briefly, a 138Ba+ ion
is trapped at the anti-node of the intra-cavity field driven by a 493 nm
probing laser. To repump the meta-stable D3/2 state, a 650 nm repumping
laser is also sent into the trap perpendicularly to the cavity axis. Both
lasers are operating near the relevant transitions to probe for the resonance
dip and the EIT peak in the cavity transmission profile. Additionally, the
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repumping laser is linearly polarized perpendicular to a magnetic field of
approximately 0.5 Gauss. This configuration avoids unwanted dark states
in the repumping process. Moreover, the relatively weak magnetic field
also ensures that the resonance profiles would not be broadened strongly
due to the Zeeman effect. To avoid heating of the ion during probing, the
probing laser is turned on only for 50µs. This is repeated 1000 times to
give a total integration time of 50 ms. To ensure that the ion is equally
cooled for every cycle of the measurement, 1 ms of Doppler cooling is used
before each probing.
4.5.4 Results
Typical cavity transmission profiles are shown in Figure 4.11. In
Figure 4.11(a), a relatively weak repumping laser is used Ωr/2pi < 5 MHz,
compared to a much stronger beam used in Figure 4.11(b) Ωr/2pi > 18 MHz.
In both plots, the dots and the blue lines denote the experimental data
and the numerical fit, respectively. According to the fits, the resonance
of S1/2 ↔ P1/2 transition is overlapped with the EOM frequency at
1446.81(16) MHz while the EIT resonance is located at 1446.97(10) MHz.
From this information, the frequency of each laser can be calibrated to
within a sub-megahertz precision.
The current measurement is performed on an ion prepared at the
Doppler temperature as well as in the presence of a weak magnetic field. A
better measurement precision is expected if the ion is pre-cooled to motional
ground state and the use of magnetic field is completely avoided. As a
substitute plan to avoid unwanted dark states in the repumping process,
the polarization of the 650 nm repump laser can be fast-switched between
two orthogonal modes using an AOM system as reported in [93].
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Figure 4.11: The cavity output against the EOM frequency. The
x-axis indicates the frequency of 650 nm EOM sideband used for
stabilizing the cavity length. The frequency unit is scale by a ratio
of 650:493 to match the frequency response of the 493 nm probing laser.
The numerical fit in (a) ignores the repumping terms in the master
equation and is used only for locating the S1/2 ↔ P1/2 resonance.
An EIT resonance is clearly seen in (b) when the repumping power





and Two-color Raman Transfer
State detection is an important tool in atomic physics and is used
in a wide variety of experiments, most notably those associated with
frequency metrology [114] and quantum information [2]. In its simplest
form, state detection is implemented by closed-cycle optical pumping
[115–117]. This provides a distinction between bright and dark states by
their state-dependent fluorescence. Bright states are part of the optical
pumping cycle and provide a high level of fluorescence. Dark states are off
resonant with or decoupled from the excitation lasers, and the fluorescence
is suppressed. More generally, the dark state may be coherently transferred
to a far off-resonant state to enhance its immunity to off-resonant excitation
[53, 118]. For ions with low lying D states, such as Ca+, Sr+, or Ba+,
the shelving step is a necessity and usually involves driving a very narrow
transition by direct excitation with a narrow bandwidth laser [53].
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In this chapter, a state detection based on coherent Raman repumping
and two-color Raman state transfers is demonstrated. The Raman
coupling during detection selectively eliminates unwanted dark states,
including coherent population trapping effects [118, 119], in the fluorescence
cycle without compromising the immunity of the desired dark state to
off-resonant scattering. This technique can also be used as an alternative to
the dark-state destabilizing techniques discussed in Ref. [120]. Additionally,
shelving to long-lived metastable states using a two-color Raman transfer
significantly relaxes the technical requirements of the lasers compared to
those needed for direct excitation [53].
The experiment is performed on 137Ba+ where a combination of
Raman coupling and optical pumping leaves the metastable state, D3/2
|F′′ = 3,m′′F = 3 〉, optically dark and immune to off-resonant scattering.
All other states are strongly coupled to the upper P1/2 levels. A single shot
state-detection efficiency of ≈ 90% is achieved in a 1ms integration time,
limited almost entirely by technical imperfections. In addition, shelving to
|F′′ = 3,m′′F = 3 〉 before detection is performed via a two-color Raman
transfer with a fidelity of 1.00(3).
5.1 The Concepts
Consider the level scheme of 137Ba+ shown in Figure 5.1(a). The relevant
levels are the 6S1/2, 6P1/2 and 5D3/2 levels, with spin quantum numbers F,
F′ and F′′ respectively. For detection, the |F = 1, 2 〉 and |F′′ = 0, 1, 2 〉
states are coupled to the |F′ = 1 〉 excited state. This leaves |F′′ = 3,m′′F =
3 〉 optically dark due to the selection rule ∆F = 0,±1. Using resonant
optical pumping to clear the F′′ = 2 levels requires the use of polarization
with a σ− component. This results in a significant depumping of |F′′ =
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Figure 5.1: (a) State detection scheme. See text for a detailed
description of the scheme. See Appendix A for the hyperfine splitting
values. (b) Coherent Raman repumping. pi-polarized light near
resonance with the F′′ = 0, 1, 2 to F′ = 1 transitions is used to repump
the 5D3/2 manifold. This leaves three unwanted metastable states
indicated by filled circles. To clear these, a pair of Raman beams which
are detuned by ≈ 1 THz from the 6P1/2 levels is used. The beams are
polarized pi and σ+ and couple |F′′,m′′F 〉 to |F′′,m′′F − 1 〉 via the 6P1/2
levels for all values of F′′ and m′′F with the exception of the dark state,
|F′′ = 3,m′′F = 3 〉. The Lande´ g factor, gF , does not depend on F
for the D3/2 states. Thus, the Zeeman splittings due to the quantizing
magnetic field shifts all the Raman resonances by an equal amount and
so the Raman resonances are the same for all |F′′,m′′F 〉 to |F′′,m′′F − 1 〉
transitions.
3,m′′F = 3 〉 due to off-resonant coupling to |F′ = 2,m′F = 2 〉, consistent
with that found in [93].
To avoid the depumping, only pi polarization is used to drive the F′′ =
0, 1, 2 to F′ = 1 transitions. In this case, the dark state, |F′′ = 3,m′′F = 3 〉,
is no longer coupled to any of the P1/2 levels. However, this also results in
unwanted dark states, namely |F′′ = 2,m′′F = ±2 〉 and |F′′ = 1,m′′F = 0 〉.
Nonetheless, these states can be coupled back into the detection cycles
via a continuous coherent Raman coupling as illustrated in Figure 5.1(b).
Note that the Raman coupling provides a coupling between |F′′,m′′F 〉 and
|F′′,m′′F − 1 〉 via the 6P1/2 levels for all values of F′′ and m′′F with the
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Figure 5.2: The laser configuration around the ion trap.
exception of the dark state, |F′′ = 3,m′′F = 3 〉. This is similar to the
interaction of an RF field with the magnetic dipole, but there are two
key differences. First, the Raman coupling can easily achieve coupling
strengths on the order of a megahertz, which facilitates rapid return of
|F′′ = 2,m′′F = ±2 〉 and |F′′ = 1,m′′F = 0 〉 to the detection cycle. Second,
and most important, Raman coupling to the dark state |F′′ = 3,m′′F = 3 〉 is
heavily suppressed as it is only achieved via the P3/2 level. This is a further
50 THz from resonance with the Raman lasers, and the relevant dipole
matrix elements are small. Thus Raman coupling to |F′′ = 3,m′′F = 3 〉
is small by nature and can be neglected by making small changes to the
Raman detuning, which will be further discussed in the later part of this
chapter.
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5.2 Experimental Setup
The laser setup has been detailed in Chapter 3. Briefly, the S1/2 hyperfine
levels are coupled to the F′ = 1 levels with two cooling lasers at 493 nm.
Here, these two beams are denoted D1 and D2 and are polarized σ
+ and
σ− respectively. In order for each of these beams to address both hyperfine
levels of the S1/2 manifold, an electro-optic modulator (EOM) is used to
provide sidebands separated by the 8.036 GHz hyperfine splitting. Thus
each of the beams D1 and D2 drives both the F = 1 to F
′ = 1 and F = 2
to F′ = 1 transitions. Repumping from the D3/2 states is achieved using
three pi polarized laser beams and a pair of Raman lasers, denoted D3−D5
and R1 − R2 respectively. The D3 − D5 beams are near resonant with
the F′′ = 0, 1, 2 to F′ = 1 transitions respectively, and the Raman lasers
are as described in Figure 5.1(b). An additional laser D6 tuned to the
F′′ = 3 to F′ = 2 transition and linear polarized perpendicular to the
B-field facilitates emptying of the F′′ = 3 levels during cooling. Although
there are a lot of beams present, the alignment is easily facilitated by the
use of optic fibers. The repumping beams D3 −D6 are all derived from a
single laser and combined into a single fiber with R2 counter-propagating.
The cooling beams D1 and D2 are also derived from the same laser and
combined into a single fiber with R1 counter-propagating. The detailed
laser configuration around the ion trap is as depicted in Figure 5.2.
5.3 Experiments
5.3.1 State Preparation
The bright and dark states are prepared using optical pumping. The dark
state is prepared using beams D1−D5, R1 and R2. An additional frequency
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Figure 5.3: Histogram of photon counts for two cases: one in which
the ion is first optically pumped to |F′′ = 3,m′′F = 3 〉 (dark state) and
one in which the ion is optically pumped to S1/2 levels (bright state).
The dashed lines are the fit of Equation 5.1 and Equation 5.2 to the
bright and the dark states, respectively. The inset shows the histogram
of the dark state photon counts and the background photon counts in
which the ion is not present. Each distribution corresponds to 10 000
detection events, each with a 1 ms duration.
modulation of 1.488 GHz applied to D1 and D2 provides efficient optical
pumping into the F′′ = 3 levels via the upper F′ = 2 levels. Since |F′′ =
3,m′′F < 3 〉 are only emptied by off-resonant excitation from laser beams
D3−D5, an extended optical pumping time of 1 ms is used. Further increase
in this time had no discernible impact on the detection efficiency. For the
bright state, any of the S1/2 states can be used. Thus it is sufficient to
simply empty the D states, which is achieved using beams D3−D6, R1 and
R2.
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5.3.2 Results
The histogram of photon counts for both the bright S1/2 and dark |F′′ =
3,m′′F = 3 〉 states is shown in Figure 5.3. Each distribution corresponds to
10 000 detection events, each with a 1 ms duration. From these histograms,
a detection efficiency of 89.6(3)% is obtained using a simple photon count
threshold with a cutoff of nc = 2.5 as discussed in Ref. [121]. By
comparison, if direct excitation of |F′′ = 2,m′′F = ±2 〉 is used by rotating
the polarization of D5 by 90
◦, the dark state depumps with an estimated
time scale of approximately 100µs, consistent with findings in Ref. [93].
In this case, the fluorescence histograms are almost identical, giving a
detection efficiency of approximately 50%.
5.3.3 The Limiting Factors
The non-Poissonian nature of the histograms is indicative of both technical
imperfections and limits of the detection scheme due to off-resonant
processes. These effects result in optical pumping out of the bright and dark
states during the detection time. As shown in Ref. [122] the distributions
can be modeled by







× [P (1 + n, (1 + βb) 〈nb〉)− P (1 + n, (1 + βb) 〈nd〉)] (5.1)
for the bright state and






× [P (1 + n, (1− βd) 〈nb〉)− P (1 + n, (1− βd) 〈nd〉)] (5.2)
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for the dark state, where P (1 + n, x) = ∫ x
0
tn exp[−t]dt/n! is the lower
regularized incomplete gamma function. See Appendix B for detailed
derivations of the equations. The parameter 〈nd〉 (〈nb〉) characterizes
the mean number of photons collected for the dark (bright) state. The
parameter βd (βb) is related to the time scale τd (τb) for which the ion is
optically pumped out of the dark (bright) state via the expression
βk =
τD
τk(〈nb〉 − 〈nd〉) , (5.3)
where τD is the detection time. Fitting to these distributions, the
parameters are found to be 〈nd〉 = 0.44(2), 〈nb〉 = 8.7(1), τd = 5.8(4) ms,
and τb = 3.4(2) ms with a reduced χ
2 of 0.91. The errors indicated are the
99% confidence intervals estimated from the fit. The 1 ms detection time
is chosen for compromising between having a collection time long enough
to separate the photon distributions but short enough to limit the effects
of unwanted optical pumping.
The parameters nd and nb from the fit can be independently assessed.
The background distribution shown in both Figure 5.3 and Figure 5.4 has
a measured 〈n〉 = 0.47(2) in experimental agreement with 〈nd〉 = 0.44(2).
Turning on D6 during detection of the bright state eliminates depumping
of this state. In this case, a distribution well characterized by a Poisson
distribution with mean photon number 〈n〉 = 8.5(1) consistent with 〈nb〉 =
8.7(1) is obtained, as shown in Figure 5.4.
An independent assessment of the pumping times τd and τb cannot be
readily done, but their values may be roughly estimated. First, off-resonant
pumping of the bright state to the dark state skews the photon distribution
toward lower counts. It is noted that the off-resonant pumping into the
dark state is important and not just scattering into the F′′ = 3 levels. The
reason for this is that scattering into |F′′ = 3,m′′F < 3 〉 is offset by further
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Bright State (D6 on)
Figure 5.4: Histogram of the background photon counts and the bright
state photon counts withD6 turned on. For comparison, the dashed lines
show the fits of the ideal Poisson distribution to both the background
and the bright state histograms.
off-resonant scattering back into the detection cycle. The D5 beam, which
is resonant with the F′′ = 0 to F′ = 2 transition, is only 394 MHz detuned
from the F′′ = 3 to F′ = 2 transition. Thus the |F′′ = 3,m′′F < 3 〉 states are
returned to the detection cycle in only a few tens of microseconds. On the
other hand, scattering into the dark state can only occur via |F′ = 2,m′F =
2 〉. The only states coupled to this level are |F′′ = 2,m′′F = 2 〉, where the
relevant detunings are greater than 850 MHz, and two S1/2 states where
the relevant detunings are ≈ 1.5 GHz. Moreover, only about 1 in 8 decays
from |F′ = 2,m′F = 2 〉 result in population of |F′′ = 3,m′′F = 3 〉. Assuming
an equal distribution across the populated ground states, the time scale for
decay into |F′′ = 3,m′′F = 3 〉 is estimated to be ≈ 9 ms [123]. Although this
is significantly larger than the time scale inferred from the fit, this estimate
is dependent on the assumed distribution across the ground states [123].
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Photon counts of n > 2 in the dark-state distribution indicate
depumping of |F′′ = 3,m′′F = 3 〉 within the detection time. Since all
of the 650 nm detection lasers are pi or σ+ polarized, this depumping
can only occur due to coupling to the P3/2 levels, imperfect polarization,
or stray magnetic fields. Coupling to the P3/2 levels results in either
direct spontaneous emission out of the dark state or an unwanted Raman
coupling between |F′′ = 3,m′′F = 3 〉 and |F′′ = 3,m′′F = 2 〉 and
subsequent off-resonant excitation back into the scattering cycle. However,
as noted earlier, the fine-structure splitting in barium is 50 THz, and
the relevant dipole matrix elements are small. For the experimental
beam parameters, a spontaneous emission rate of less than 1 photon/s is
estimated. Additionally, for the unwanted Raman resonance, a Rabi rate
of less than 5 kHz is estimated. This is more than two orders of magnitude
smaller than the Rabi rates between other Zeeman sublevels. Since the
width of the Raman transition is essentially given by the Rabi rate, the
undesired resonance can be easily avoided without significantly influencing
the others. To test this, the frequency difference of the Raman beams is
changed up to 1 MHz with no discernible change to the detection efficiency.
This suggests that the depumping evident in Figure 5.3 is due to imperfect
polarizations of the detection beams or stray magnetic fields. However, if a
polarization extinction ratio of 30 dB is assumed for the resonant pi beams,
the time scale for depumping of the dark state is estimated to be ≈ 25 ms.
This is significantly larger than that indicated by the fitting parameter τd
so other depumping mechanisms such as magnetic field fluctuations may
be present.
Since the nonzero value of 〈n〉 for the dark-state distribution arises
solely due to technical limitations, a lower bound for the maximum
detection efficiency can be directly inferred from the measured histograms.
If the technical issues could be partially or completely mitigated, the
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detection error could be reduced to the probability that the bright
state renders zero photon counts. This is currently given by 2.3(2)%
and so detection efficiencies above 97% should be achievable. Further
improvements may be possible through additional optimization of laser
parameters and improvements in the imaging system.
5.4 Two-color Raman Transfer
To achieve state discrimination between S1/2 ground states, a state transfer
between the ground state, |F = 2,mF = 2 〉, and |F′′ = 3,m′′F = 3 〉 is
required. In principle this transition could be driven directly by a single
laser [53]. However, this is a very narrow quadrupole transition, and
the implementation is technically demanding (see Chapter 2). Instead,
a two-photon Raman transition is implemented here, as shown in
Figure 5.5(a). The lasers are operating at 493 nm (R3, pi) and 650 nm
(R4, ⊥) tuned approximately 1 THz below the P1/2 states. Both lasers are
locked to the same reference cavity, which provides individual linewidths
below 10 kHz and a drift in the relative frequency of ≈ 200 kHz/h (see
Chapter 3). This is sufficient to ensure that the laser stability does
not contribute to the dephasing [124]. The resulting Rabi oscillation is
illustrated in Figure 5.5(b). Full state transfer is achieved in a little over
200 ns, and the fitted histogram at this point gives a transfer probability of
1.00(3).
The residual dephasing apparent in Figure 5.5(b) is most likely due
to motional coupling. Even though the lasers are copropagating, the
large difference in wavelength still results in a significant coupling to
the motion. Assuming a thermal distribution of vibrational states and
neglecting transitions between them, the Rabi oscillation is described by
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Figure 5.5: (a) Two-photon Raman transition between S1/2|F =
2, mF = 2 〉 state and the D3/2|F′′ = 3, m′′F = 3 〉 state. The ion
is prepared in S1/2|F = 2, mF = 2 〉 state by using a σ+ polarized
493 nm beam (D1) and a 1.4 GHz EOM to drive the ion to the upper
F′ = 2 states. Afterwards, the Raman transition is achieved using
beams R3 and R4. (b) The resulting Rabi oscillation. Each point
represents 1000 detection events, and the probability of being in the
S1/2|F = 2, mF = 2 〉 state is based on a standard least squares fit
[125] to the photon distributions using dark and bright-state reference
histograms as a basis. The solid curve is a fit assuming a thermal
distribution along the axial direction of the trap. Fitting parameters
are the mean vibrational number, 〈n〉, and the Raman Rabi rate, ΩR.
The fitted values are 〈n〉 = 14(2) and ΩR = 2pi × 2.60(1) MHz. The
Lamb-Dicke parameter is determined from the measured trap frequency
of 90 kHz and the beam geometry, giving η = 0.044.












where Ωn,n is the Rabi rate for the n-th vibrational state, and Pb is the
probability of being in the bright state. In Figure 5.5(b), a fit to the data is
included based on this expression using two fitting parameters, 〈n〉 and ΩR,
where ΩR sets the overall scale of the Ωn,n. Only the thermal motion along
the trap axis is considered since this is the only motion that is expected
to significantly contribute to the decay. A mean motional quanta of 〈n〉 =
14(2) is obtained from the fit, which is about seven times lower than the
expected Doppler limit given by 〈n〉 = Γ/(2ωT ) [126]. It is not clear why
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the inferred 〈n〉 is so far below the Doppler temperature. In principle,
the Raman coupling employed for repumping couples to the vibrational
motion, but the associated Rabi rates exceed the axial trap frequency and
thus do not resolve the motional sidebands. In any case, the low 〈n〉 allows
a very-high-fidelity transfer that does not limit the detection efficiency.
5.5 Concluding Remarks
In conclusion, a state detection scheme that utilizes Raman coupling within
the fluorescence cycle and high-fidelity state transfers using two-color
Raman transitions is demonstrated. While the techniques are demonstrated
using barium, they are readily applicable to other ions. In Yb+,
for example, detection efficiency was previously limited by off-resonant
scattering and coherent population trapping [119, 122]. Although the
detection efficiency can be improved with the use of high numerical aperture
optics [127], the techniques introduced here would potentially eliminate
the issues completely and relax the experimental requirements. It is noted
that the Raman coupling employed for detection couples to the motion.
By careful adjustment of the Raman rates and detunings, it should be
possible to make the vibrational ground state a dark state of the system.
Thus the technique could be readily adapted to provide a continuous
ground-state cooling scheme. The two-color Raman transition would also
be applicable to all ions with low-lying D states and can also be applied
to the manipulation of cold molecules [128]. Beyond that, the techniques
demonstrated here may find wider applicability and offer greater flexibility
in the choice of atom or ion for atomic physics experiments in general.
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Detection of Ion Micromotion
in a Linear Paul Trap with a
High Finesse Cavity
6.1 Introduction
Apart from the QIP applications mentioned in Chapter 1, trapped ions have
also become an increasingly important technology in precision metrology
[114, 129]. Due to the levels of precision demanded in these applications,
it is important that the internal and motional degrees of freedom are well
controlled. For instance, the quantum gate proposed by Cirac and Zoller
requires the ion to be in motional ground-state for high fidelity operation
[7, 130], and the major limiters of the accuracy of an ion trap based atomic
clock are associated with Doppler shifts due to excessive ion micromotion
[114].
In an ideal radio frequency (RF) trap, a cold ion is fixed at the zero of
the RF electric field and no excess motion should be present. However, in
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practice, the presence of stray DC fields or a phase difference between the
RF electrodes can induce excess micromotion. In the frame of the ion, this
micromotion is equivalent to a modulation of the cooling laser and leads
to sideband generation in the emission spectrum. Adverse effects include
trap heating, reduction in the laser Rabi rate, and imperfect Raman-type
state transfer [2, 43, 131–133]. Second order Doppler shifts due to excess
micromotion are also a significant limitation to the attainable accuracy of
atomic clocks. Thus, the detection and compensation of excess micromotion
is an important requirement for many applications.
A variety of techniques for the minimization of micromotion have been
discussed in the literature [43, 134–137]. A typical fluorescence technique
[43] uses resonant lasers to probe on an atomic transition. The emission
spectrum of the ion will contain sidebands along the main peak (carrier)
if the micromotion is present. Through this method the micromotion
can be reduced by increasing the ratio of the carrier height relative to
the sidebands. However, this requires three driving lasers oriented in a
geometry that allows the minimization of micromotion in all dimensions.
While these techniques are widely used in ion trap experiments, their
implementation can be hindered by limited optical access or cannot readily
quantify the degree to which the micromotion is compensated. This is
particularly problematic in cavity QED experiments, where one axis is
blocked by the cavity mirrors. In addition, fluorescence techniques often
require the RF drive frequency to be much larger than the linewidth of
the optical transition used. This is not always easy to satisfy, particularly
for heavier ions, which require much higher amplitudes of the RF drive
for the same drive frequency compared to a light ion. Moreover, the
fluorescence probing for micromotion detection is usually done on the
cooling transitions, which have rather large linewidths.
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In this chapter, a method to minimize excess ion micromotion that
uses a high finesse cavity as a spectrum analyzer for light scattered
into the cavity from a probe beam is presented. The moderate single
atom cooperativity of the cavity enhances the amount of light scattered
into the cavity and, in the presence of excess micromotion, frequency
sidebands at the RF drive frequency in the cavity emission spectrum
appear [36]. The heights of the sideband peaks allow a direct measure
of the amplitude of the micromotion along two orthogonal directions and
micromotion compensation is achieved by minimizing the sidebands. This
approach is applicable as long as the RF drive frequency (Ω) is much
greater than the cavity linewidth (κ), a condition easily fulfilled for most
cavity QED experiments implemented with high finesse cavities. This
provides a distinct advantage over free space methods as the linewidth of
the optical transition can be substantially larger than the cavity linewidth.
In this thesis, the optical transition linewidth is ≈ 20 MHz while the cavity
linewidth (κ/2pi) is ≈ 200 kHz.
6.2 The Model
The experimental set up is depicted in Figure 6.1, in which an intra-cavity
ion is probed transversely to the cavity. When the detuning, ∆, of the probe
from the atomic resonance is large relative to the linewidth, the excited
state can be adiabatically eliminated, as discussed in Chapter 2: Section 2.4.
This results in an effective Hamiltonian which, in the interaction picture,
is given by
HI = ΩR exp(−i∆ct)a† + Ω∗R exp(i∆ct)a , (6.1)
where a is the cavity annihilation operator, and ∆c is the probe detuning
relative to the dispersively shifted cavity resonance. The effective driving
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Figure 6.1: The schematic of the setup. A single 138Ba+ is trapped
at the RF trap center and coupled to a high finesse cavity. Two laser
beams are used for fluorescence detection and Doppler cooling at 493 nm
(D1) and 650 nm (D2) respectively, indicated by the purple arrow. A
magnetic field is applied to define the quantization axis, indicated by
the green arrow (zˆ). The ion-cavity emission spectrum is probed by
a 493 nm beam (Rp), indicated by the blue arrow (xˆ). The photons
emitted from the cavity are collected into a fiber-coupled single-photon
counting module (SPCM). A CCD camera, interchangeable with another
free-space SPCM, detects the fluorescence of the ion in the direction
indicated by the black arrow. The cavity length is stabilized to a 650 nm
laser, indicated by a red arrow which is aligned to the cavity axis (yˆ).
strength ΩR determines the position dependent scattering of the probe into




exp(ikx) sin (ky + φ) (6.2)
where g is the maximum ion-cavity coupling strength, ΩL is the atom-probe
coupling strength, k is the wavenumber of the probe field, and φ determines
the position of the ion along the cavity axis. Without loss of generality,
the equilibrium position of the ion can be taken to be at x = 0 = y with
micromotion x(t) = xm cos (Ωt) and y(t) = ym cos (Ωt) along the x and
y directions respectively, where Ω is the RF drive frequency. Expanding
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with the cavity decay described by the Liouvillian
L(ρ) = κ (2aρa† − ρa†a− a†a) , (6.4)
where κ is the field decay rate of the cavity. Provided Ω κ, the frequency
response of the cavity output is simply the sum of the steady state solutions
associated with each micromotion sideband. When the ion is located at the
antinode (φ = pi/2) or node (φ = 0), the rate of photons emitted from the
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respectively. In these equations, Ic0 ∝ 〈a†a〉 is the rate of photons detected
at the cavity output when the cavity is resonant with the probe and φ =
pi/2. Thus, Ic(Ω)/Ic0, for each configuration, gives a direct measure of
the micromotion amplitudes along the probe (xˆ) and the cavity axis (yˆ)
directions.
To determine the limits of this approach to micromotion detection, the
terms involving the first order sidebands for the case when the ion is located
at the cavity antinode, φ = pi/2, are considered. In this case the number
of photons, Ns, collected at the micromotion sideband in an integration




xNc/4 where Nc = Ic0τ is the number of
photons collected at resonance. Background counts at the RF sideband
come from both off resonant scattering into the cavity and dark counts
from the counting module. If the micromotion features are well resolved,
the background will be approximately constant around the sideband and
dominated by dark counts from the counting module. Taking the mean
counts of the background to be Nb and assuming Poissonian statistics
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In this case the micromotion detection improves with
√
Nc. Thus
the minimum detectable micromotion will depend on the single atom
cooperativity of the cavity and the free space scattering rate of the probe
beam; both of which impact on the amount of probe light scattered into
the cavity. In addition, there is only a weak dependence of the minimum
detectable micromotion on the integration time with βmin ∼ τ−1/4. A
similar expression holds for the minimum βy when the ion is located at a
cavity node, provided one uses the same value for Nc as in Equation 6.8.
While the higher order sidebands can be used for detecting the micromotion
along y when the ion is located at a cavity antinode, the effect is greatly
reduced due to the dependence on higher order terms in βx & βy.
Experimentally, the ion-cavity emission is probed orthogonally to
the cavity axis using a red-detuned 493 nm laser with the cavity tuned
to resonance with the micromotion sideband. Standard micromotion
compensation techniques using additional bias voltages on trap electrodes
are then used to minimize the cavity emission at this sideband. It is noted
that the detection process can result in heating of the ion. This heating
results in a decrease of the effective cooperativity of the cavity which, in
turn, affects the minimum detectable micromotion. However the detection
window can be interspersed with cooling pulses in order to minimize the
effects of such heating.
6.3 The Experiment
The experimental setup is illustrated in Figure 6.1 in which a high finesse
cavity is aligned with its optical axis transverse to a linear Paul trap.
Details of the ion trap setup and the laser locking system have been
described earlier in Chapter 3. Here, microcomotion compensation is
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Figure 6.2: The relevant transitions and level structure for 138Ba+.
Doppler cooling is achieved by driving the 6S1/2 → 6P1/2 transitions
at 493 nm (D1) and repumping on the 5D3/2 → 6P1/2 transitions at
650 nm (D2). The ion-cavity coupling is driven by the cavity probing
beam (Rp) with Rabi rate ΩL and the intra-cavity field with coupling
strength g. ∆ is the detuning of the laser frequency from the S1/2 ↔ P1/2
transition while ∆c is the relative detuning between the laser and the
cavity resonance. To obtain the ion-cavity emission profiles, ∆c is swept
±12 MHz over the transition carrier (∆c = 0) while ∆ is kept constant
at −110 MHz.
achieved via additional DC voltages applied on the bias electrodes and
two aluminum plates used to shield the mirror surfaces from the barium
oven.
The relevant lasers and level structure for 138Ba+ are shown in
Figure 7.2. Briefly, Doppler cooling is achieved by driving the 6S1/2 → 6P1/2
transitions at 493 nm and repumping on the 5D3/2 → 6P1/2 transitions at
650 nm. The 493 nm cooling laser (D1) and the 650 nm repumping laser
(D2) are both red-detuned by ≈ 15 MHz for optimum cooling. Both lasers
are combined into a single fiber and sent into the trap along the z direction
defined by a 3 Gauss magnetic field. The D1 and D2 beams are both
linearly polarized perpendicular to the magnetic field to avoid unwanted
dark states in the cooling cycle. The probe laser (Rp) is red-detuned by
110 MHz from the S1/2 ↔ P1/2 transition and sent into the trap along the
x direction. Rp is linearly polarized along the magnetic field direction and
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drives the cavity-induced Raman transition as illustrated in Figure 7.2.
As discussed in Chapter 3, the cavity length is stabilized via the
Pound-Drever-Hall technique [69] to the sideband of a low linewidth 650 nm
laser. The sideband is generated by a wideband electro-optic modulator
(EOM). Changing the EOM drive frequency allows the cavity resonance to
be tuned relative to the fixed frequency of the 650 nm locking laser. This
laser is approximately 500 GHz detuned from the 5D3/2 → 6P1/2 repump
transition and thus has no influence on the system. Additionally, the EOM
drive frequency is chosen such that any cavity resonance near to 650 nm is
at least a few GHz away from the repump transition. This ensures there
is no cavity dynamics associated with the repumping process. In order to
ensure a well defined ∆c, the 493 nm probe laser is referenced to the the
650 nm locking laser via a transfer cavity.
The cavity itself sits on an attocube nanopositioner which provides
vertical adjustment of the cavity relative to the ion trap. As described
earlier in Chapter 4: Section 4.4.2, the vertical motion also results in a
displacement of the ion along the cavity axis, with the vertical to axial
displacement having a ratio of 30 : 1. Thus a vertical movement of ≈ 3.6µm
of the cavity allows the ion to move from a cavity node to antinode. The
small vertical displacement does not significantly alter either the output
coupling to the SPCM or the degree of micromotion compensation. In
addition, the vertical displacement is much less than the cavity mode waist
(≈ 40µm) and thus does not significantly alter the transverse position of
the ion relative to the cavity mode.
As noted earlier, heating of the ion during probing results in an
increase in the minimum detectable micromotion. To avoid this, each 200µs
is preceded by a 1 ms pulse of Doppler cooling in each experimental cycle.
With the ion maximally coupled to the cavity this results in the collection
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of ∼ 3−5 photon counts near to the cavity resonance with a background of
∼ 0.1 counts. This is repeated 1000 times to give a total integration time
of 0.2 s.
6.4 Results
Typical emission spectra are shown in Figure 6.3 and Figure 6.4. In
Figure 6.3(a) the ion is located at the antinode of the cavity. First and
second order micromotion sidebands at ±Ω and ±2Ω are clearly visible.
After compensating the micromotion along the probe direction the first
order sidebands are eliminated as shown in Figure 6.3(b). The second order
sidebands still persist due to higher order terms as given in Equation 6.5.
From this equation, the second order sidebands are proportional to β4y/64,
which give rise to a sensitivity of the cavity emission to micromotion along
the cavity axis. By compensating the micromotion along this axis these
second order sidebands can also be elimnated as shown in Figure 6.3(c).
However, since this effect is higher order, use of the second sideband is much
less sensitive to the micromotion amplitude along this direction and greater
sensitivity is gained by shifting the ion to the node. This is evident by the
spectrum in Figure 6.3(d) taken after the ion is moved to the node. Residual
micromotion along the cavity axis is still apparent from the presence of
the first order sidebands allowing further micromotion compensation along
that direction. It is also note that the spectrum in this case contains three
additional peaks near to resonance. The peak at resonance is due to a
residual offset from the cavity node. The other two peaks are motional
sidebands due to the secular motion of the ion. These peaks are unresolved
in the previous figures due to the presence of the carrier.
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Figure 6.3: (a), (b) and (c) are the ion-cavity emission profiles
obtained at the cavity anti-node while (d) is obtained at the cavity
node. All plots are normalized to their respective carrier peaks except
(d), which is normalized to the carrirer peak in (c). First and second
order micromotion sidebands at ±Ω and ±2Ω are clearly visible in
(a) before any micromotion compensation. After compensating the
micromotion along the probe direction (xˆ), the first order sidebands
are eliminated as shown in (b). The persistence of the second order
sidebands at ±2Ω is due to the coupling of the micromotion along the
cavity axis (yˆ). Compensating the micromotion along this direction
eliminates the second order peaks as shown in (c). For greater detection
sensitivity, the ion is shifted to the cavity node. Consequently, the
residual micromotion along the cavity axis manifests as sidebands with
a much higher amplitude at ±Ω as shown in (d). In the same plot, the
peak at resonance is due to a residual offset from the cavity node. The
other two peaks are motional sidebands due to the secular motion of the
ion.
Due to the trap geometry, the motion induced by the RF drive is
inherently 2-D, hence the micromotion along the trap symmetry axis is
negligible. With the micromotion fully compensated the spectrum shown in
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Figure 6.4: The ion-cavity emission profiles for an ion located at the
cavity anti-node with the micromotion fully compensated. The inset
shows the data near to the RF sideband frequency which is statistically
flat with no clear signature of a sideband present consistent with a signal
to noise ratio of one.
Figure 6.4 is obtained, which is taken with the ion located at the anti-node.
The inset shows the data near to the RF sideband frequency which is
statistically flat with no clear signature of a sideband present consistent
with a signal to noise ratio of one. The data within the inset has a mean
of 100 counts with a standard deviation of 10 and the maximum counts on
the carrier is 5000. Thus, from Equation 6.8 a minimum micromotion
amplitude along the probe direction of 7.0(2) nm is inferred, which is
approximately the spread of the ground state wave function along the
transverse trap axes. Recently, micromotion compensation to the level
of 1 nm has been reported in a 30 s integration time [138]. Within the same
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integration time, the compensation is expected to improve to approximately
2.0 nm.
6.5 Limiting Factors
In the present system there are a number of factors that limit the
achievable compensation. Thermal motion of the ions reduces the effective
cooperativity of the cavity (see Chapter 2: Section 2.5), in this case
by a factor of ∼ 0.6. This could be improved with better cooling or
tighter confinement of the ion. In addition, a small birefringence of the
cavity exists which splits the cavity resonance for horizontal and vertical
polarizations. Due to the limited optical access, the probing can only
be done at an angle of 45◦ to the vertical. Thus the probe couples
equally to both modes of the cavity. This reduces the effective scattering
into the cavity also by a factor of ∼ 0.6. Together, these two factors
reduce the total signal by a factor of 2.8 and hence the βx,min by 1.7.
Finally, the two equally dominating factors that limit the background
counts are dark counts from the SPCM (∼ 250 /s) and residual counts
from the 650 nm locking beam (∼ 250 /s). An additional filter would
eliminate the counts from the locking beam and SPCMs with 15 counts/s
are available. At this point, the off-resonance scattering from the carrier
transition located at Ω away becomes a contributing factor (∼ 26 /s).
In principle, the RF drive frequency Ω can be increased to a level such
that the contribution from the off-resonance scattering becomes negligible.
Thus the background could be reduced by a factor of ∼ 30, improving the
βx,min by a factor of 2.4. Altogether, a factor of 4 improvement in the
micromotion compensation is therefore possible with the current system
making sub-nanometer compensation possible.
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As noted earlier, the micromotion in the trap is inherently 2-D
therefore the current setup is sufficient to fully compensate the excess
ion micromotion. Nonetheless, as a generalization to any trap geometry,
the micromotion minimization can be done easily by having an additional
probing laser aligned to the zˆ axis.
6.6 Concluding Remarks
In summary, a method to minimize excess ion micromotion is presented,
which is well suited to cavity QED experiments equipped with high
finesse cavities. Its applicability in the situation where only 2-D optical
access is available also makes it a potentially useful technique in future
micro-fabricated surface ion trap implemented with high finesse cavity
[139]. It is also shown that sub nanometer micromotion compensation
is readily achievable by this approach. Such levels of compensation are
important for precision metrology [43], atomic clocks [114] and the study of







Optical cavities have been used as a tool for cooling atoms or ions [35, 142,
143]. A notable property of cavity cooling is that it can, in principle, be
performed without affecting the logical information stored in the atomic
internal states [144, 145]. In addition, cavity cooling techniques can be
effective well below the Doppler limit. This is important for heavier ions
for which Doppler cooling typically results in a large mean vibrational state,
making it difficult for further sideband cooling. Cavity cooling of neutral
atoms has been demonstrated and significant experimental milestones such
as ground state cooling have been achieved [142, 143]. However, for ions,
cavity experiments have been limited [35] and cavity cooling below the
Doppler limit is yet to be reported.
In this chapter, the cavity cooling of a single ion is investigated. This
is done beyond the usual Lamb-Dicke regime in which the localization of the
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atom or ion is much smaller than the wavelength of the atomic transition.
The ion cooling to sub-Doppler temperatures is demonstrated, which is the
first demonstration of sub-Doppler cooling of an ion using a high finesse
cavity.
7.1 Cavity Cooling
Two types of cavity cooling have been discussed in the literature, namely
cavity Doppler cooling and cavity sideband cooling [145]. The former is
used for cooling free particles (atoms or molecules) while the latter is used
they are strongly confined in the LD regime [145]. Here the experiment
operates in an intermediate regime where neither description is adequate.
Cavity sideband cooling of trapped atoms has been extensively studied
theoretically [65, 145, 146]. The cooling models are all derived based on
the assumption that the atoms are in the LD regime, η2〈n〉  1. In this
case, the single atom cooperativity C [101], which characterizes the ratio
between the scattering rate into the cavity versus that into the free-space,
is unaffected by the change in the temperature of the atom. As η2〈n〉
increases, the thermal dependence of the scattering rate into the cavity has
to be taken into consideration. Even though the experimental system has
a maximum η2〈n〉 of only ∼ 0.3, the thermal effect is observable. Here it
is experimentally demonstrate that cavity cooling is well described by an
adaption of the model given in Ref. [65] to account for the dependence of
the scattering rate into the cavity on the thermal state of the ion.
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Figure 7.1: The experimental setup. A single 138Ba+ ion is trapped
and coupled to a high finesse cavity. The emitted photons from the
cavity are collected into a fiber-coupled single-photon counting module
(SPCM). A CCD camera, interchangeable with another free-space
SPCM, detects the fluorescence of the ion in the direction of the black
arrow. The state manipulation and the ion cooling are performed with
the D1 −D5, Rp, R1 and R2 laser beams.
7.2 Setup
The experimental setup, illustrated in Figure 7.1, has a similar
configuration as that described in Chapter 6 with additional laser beams to
perform Raman cooling and temperature measurement on a single trapped
ion. In brief, the functions of laser beams D1, D2 and Rp are the same as
that described in Chapter 6, while the relevant role of laser beams D3−D5,
R1 and R2 are also described earlier in Chapter 4: Section 4.2. For a
better illustration, the transition driven by the cavity probing beam and
the intra-cavity field is shown in Figure 7.2. The trap’s principal axes are
defined along the directions as indicated by x, y and z in Figure 7.1, which
are the same as that in Chapter 2: Section 2.5. Thus the corresponding
theoretical consideration can be directly applied to the current setup.
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Figure 7.2: The transition driven by the cavity probing beam Rp
and the intra-cavity field. The metastable D3/2 state is omitted in the
figure. ∆c is the detuning of the laser frequency from the S1/2 ↔ P1/2
transition while δc is the relative detuning between the laser and the
cavity resonance. ΩL is the Rabi rate of beam Rp. g is the coupling
strength between the ion and the cavity field. κ is the cavity field decay
rate. In cavity cooling experiments, the induced transition is resonant
with the red sideband of the zˆ vibrational state by setting δc = −ωz =
−400 kHz. In photon statistics experiments, which is presented in the
subsequent chapter, δc is set to zero. ∆c is fixed at −110 MHz for all
experiments.
7.3 Experiments
In order to drive the cooling sideband along the zˆ axis, the cavity resonance
is red-detuned by the axial trapping frequency ωz ≈ 400 kHz from the
ion-cavity Raman resonance. To investigate the cooling dynamics, the ion
is first cooled to the Doppler temperature using a Doppler cooling pulse of
1.5 ms. The ion is then cavity cooled for a time τ and then the temperature
is probed. The results for a range of times τ are presented in Figure 7.3
(empty squares). A minimum temperature of 〈nz〉 = 13.6(6), or 54(3)% of
the Doppler limit, is achieved by applying a cooling pulse of 2 ms.
To investigate the cooling dynamics further, another set of experiments
was performed in which the ion was initially prepared with a low
〈nz〉 using Raman sideband cooling [51] immediately after the Doppler
cooling stage. In the present system, the sideband cooling involves a
two-color Raman transition used for the ion temperature measurement (see
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Figure 7.3: The average phonon number 〈nz〉 versus cavity cooling
time. The unfilled squares are the experimental data for the cavity
cooling from the Doppler limit 〈nz〉 ≈ 25 along the zˆ axis. The
solid line is the numerical fit of Equation 2.64 to the experimental
data (black filled circles) obtained in the experiment where the ion
phonon number is monitored at different cavity cooling duration after
the initialization at 〈nz〉 ≈ 2. The values of the fitted parameters are
C = 0.33(3), ΩL0 = 2pi × 23(1)MHz, d〈nr〉/dt = 6.3(1.6)/ms and the
initial temperature 〈nz0〉 = 2.4(2). The reduced χ2 of the fit is ≈ 1.8.
The dashed line is the simulation based on the fitted parameters from
the same experiment without considering the recoil heating in the radial
axes. The dotted lines is the simulation of the cavity cooling from the
Doppler limit using the same parameters. The error bars on the data
points are the standard deviations obtained from the temperature fits
similar to those in Figure 4.3.
Chapter 4: Section 4.3). The Raman beams, R1 and R2, were arranged in
such a way that the state transfer was predominantly sensitive to motion
along the zˆ axis. This was achieved by having a much larger LD parameter
along the zˆ axis, ηRz = 0.15, than that along other axes, ηRx ≈ ηRy = 0.01.
After 3 ms of sideband cooling, the ion is then exposed to cavity cooling
and the temperature probed as before. The resulting 〈nz〉 are shown in
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Figure 7.3 using black filled circles. As demonstrated, the time evolution
of the ion temperature is a combination of an exponential relaxation to a
steady-state temperature and a continuous, slow linear increase over time.
In order to account for the experimental results, the model given in
Ref. [65] is adapted to include for effects beyond the usual Lambe-Dicke
(LD) limit. A detailed account of the model is already given in
Chapter 2 Section 2.5 and Chapter 2 Section 2.6. Essentially, the effect
of the ion temperature on the scattering rate into the cavity is considered
and an expression for an effective single atom cooperativity is derived
as a function of 〈n〉 along each dimension. This effective cooperativity
is substituted into the rate equations quoted from Ref. [65], which are
subsequently used to fit the experimental data. The linear increase in
〈n〉 is due to recoil heating in the uncooled dimensions. This results in a
decreasing cooperativity and thus a diminished cooling rate.
In Figure 7.3, the solid line is the numerical fit using the rate equations
Equation 2.62, 2.63 and 2.64 for a birefringent cavity. The fitted value of
the cooperativity extrapolated to the LD regime, C = 0.33(3), is only
74(7)% of the estimated value, 0.446(21). The discrepancy could be due to
the additional heating along the ion radial direction such as recoil heating
during the sideband cooling and the environmental heating caused by
electronic noise. The photon recoil contributes a heating rate of ≈ 0.05
phonon per sideband cooling cycle. In 3 ms of sideband cooling process,
there are 120 cooling cycles in total. Thus the phonon occupation number
can increase by ≈ 6 phonons. The environmental heating is measured to
be ≈ 1 phonon per ms. Hence, the sum of these heating effects should
raise the radial vibrational occupation number by ≈ 9 in 3 ms which causes
an underestimation of the fitted cooperativity by 13%. Including these
influencing factors, the fitted value of the cooperativity extrapolated to the
LD regime is C = 0.38(3), within 2σ range of the estimated cooperativity,
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0.446(21). The rest of the fitting parameters are within their respective
estimations based on the independent measurement of the laser power and
the sideband cooling efficiency. Using these fitting parameters, the cooling
for an ion initialized at the Doppler limit is simulated and the result is
shown in Figure 7.3 as a dotted line. The dashed line is the result of a
simulation ignoring the recoil heating in the radial directions. From this it
can be concluded that this heating does not significantly limit the cooling.
Hence, to get an even lower 〈nz〉, a higher single atom cooperativity is
required. This is possible only by improving the experimental setup, such
as having a cavity with a better finesse or without birefringence.
7.4 Concluding Remarks
Cavity cooling in an ion trap to a sub-Doppler temperature has been
demonstrated for the first time. A theoretical model which describes the
cooling dynamics and the limiting factors is proposed and validated by the
experimental results presented in this chapter. Useful information, such
as the effect of recoil heating on the cooling performance, are provided




Photon Statistics of the
Ion-Cavity Emission
In the course of the investigations of cavity cooling it was found that,
when the probe laser was tuned near to the cavity resonance, the cavity
emission became significantly non-Poissonian, as illustrated in Figure 8.1.
In this chapter it is shown that this observation can be explained by
accounting for the dependence of the vibrational state on the cavity
emission. A theoretical model of phonon-photon coupling under the
laser-cavity resonant condition is presented. It is shown that the thermal
state of the ions motion can be inferred from the photon distribution and
vice-versa and this relationship is demonstrated experimentally over a range
of thermal states.
8.1 Model
The photon statistics of the spontaneous emission from single atoms/ions
driven by cw lasers are known to be sub-Poissonian if the detection window
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Figure 8.1: A typical ion-cavity emission profile. The solid line is the
mean of the photon count 〈n〉c while the dashed line is the variance σ2c .
σ2c is approximately 1.7 times larger than 〈n〉c around the cavity peak,
indicating super-Poissonian statistics.
(τ) is small (τ  1/γ) and approximately Poissonian if the detection
window is large (τ  1/γ) [147, 148]. In the case of ion-cavity coupling,
the emitted photons do not follow the same statistical behavior as the
coupling is governed by the cavity-induced Raman process. In this process,
the photon state is coupled to the vibrational states of the ion which in
turn affects the photon statistics. To obtain the phonon-photon statistical
relationship, the Hamiltonian of the system is derived. Based on the
Hamiltonian, a master equation for the density operator can be established.
The master equation can then be solved to obtain a steady state solution
for the density operator. Furthermore, the mean photon number and
the variance can be computed and the statistical relationship between the
phonon states and the photon states can be evaluated.
For a trapped ion beyond LD regime, the spatial extension of the ionic
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wave function representing the center-of-mass motion (phonon) is no longer
small compared with the laser wavelength and results in a coupling between
the ion motion and the driving field [149, 150]. To get the Hamiltonian for
a trapped ion interacting simultaneously with a intra-cavity field and a
laser radiation field, the result for a Raman-type interaction from [150]
which describes the coupling between an ion and two Raman lasers is used.
The expression is modified for the ion-cavity system by replacing a Raman
beam with the intra-cavity field. When the cavity is resonant with the laser
frequency, the interaction Hamiltonian is
Hˆint = ~ΩR0 fˆ(aˆ†xaˆx; η˜x) fˆ(aˆ†yaˆy; η˜y) fˆ(aˆ†zaˆz; η˜z)
× (cˆ† + cˆ) , (8.1)
where the operator-valued function fˆ(aˆ†j aˆj; η˜j) is defined in its normally
ordered form as









In both equations, aˆ†j and aˆj are the phonon creation and annihilation
operators, respectively, along the jˆ axis, for j ∈ {x, y, z}, while cˆ† and cˆ are
the respective cavity photon creation and annihilation operators. The LD
parameters, η˜j, are given by
η˜x = ηx , η˜y =
1√
2




where ηj = k
√
~/(2mωj), k is the wavenumber and m is the mass of the





[Hˆint , ρˆ] + L(ρˆ) , (8.4)
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where L is the superoperator,
L(ρˆ) = κ(2 cˆ†ρˆcˆ− ρˆcˆ†cˆ− cˆ†cˆρˆ) . (8.5)
Since |n 〉 is an eigenstate of fˆ(aˆ†aˆ; η˜) with eigenvalue exp [−η˜2/2]Ln(η˜2),
the steady state solutions of Equation 8.4 are of the form
|nx 〉〈nx | ⊗ |ny 〉〈ny | ⊗ |nz 〉〈nz |
⊗|αnx,ny ,nz 〉〈αnx,ny ,nz | , (8.6)
where |nj 〉 are phonon Fock state along jˆ axis and |αnx,ny ,nz 〉 are photon




exp [−( η˜2x + η˜2y + η˜2z )/2]
×Ll(η˜2x)Lm(η˜2y)Ln(η˜2z). (8.7)
A thermal distribution of phonons is assumed and so the reduced steady












(1 + 〈nz〉)n+1 . (8.9)


















With Equation 8.10 and Equation 8.11, it is straight forward to compute
the variance σ2c = 〈n2〉c − 〈n〉2c .
The photon statistics can be characterized by the Fano factor F [151]










where all summations are over the indices l, m and n.
The photon distribution for each individual n-vibrational state is
Poissonian as given by the properties of coherent states. Thus, the
effective photon distribution is given by the sum of Poissonians weighted
according to the thermal distribution. When the ion is cold and the phonon
population is distributed only around the motional ground state, the photon
distribution is near Poissonian. As 〈n〉 increases, F increases indicating a
super-Poissonian distribution.
8.2 Experiments
To obtain the Fano factor as a function of 〈nz〉, experiments were performed
on a single 138Ba+ ion prepared at several values of 〈nz〉. The control of 〈nz〉
was achieved by varying the parameters of the Doppler cooling lasers. For
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〈nz〉 smaller than the Doppler limit (〈nz〉 ≈ 25), Raman sideband cooling
was used.
In each experimental cycle, a Doppler cooling pulse was turned on
for 1 ms. This pulse was followed by 3 ms of Raman sideband cooling for
the measurement with 〈nz〉 smaller than the Doppler limit. The ion-cavity
emission was then observed while probing with beam Rp. To avoid heating
of the ion during probing, this beam was switched on for only 100µs.
During each probing event, the emitted photons were counted with a single
photon counting module (SPCM) coupled to the output of the cavity via
a single mode fiber. See Chapter 3: Section 3.2.2 for a detailed description
of the SPCM photon collection efficiency.
Each statistical photon distribution was obtained from 1000 probing
events, yielding a single value for the Fano factor. 300 sets of these
distributions were collected in order to acquire sufficient samples of mean
and variance values to compute the dispersion of the Fano factors for each
〈nz〉.
8.3 Results
Fitting the experimental data to the theoretical model requires the
information on phonon occupation numbers of all vibrational modes.
Due to the current configuration (see Section 7.3), sideband cooling
and temperature measurements can be performed only along the zˆ axis.
However, the ion is assumed to be in thermal equilibrium after Doppler
cooling so that the temperature along the other axes is also at the Doppler
limit. Therefore the relationship
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Figure 8.2: Fano factor F as a function of the averaged phonon
number 〈nz〉. The solid line is the fit of the theoretical model to the
experimental data while the dashed line simulates the ideal situation
where the temperatures of the ion are equivalent in all dimensions. The
F error bars are the standard deviation of the Fano factor over 300 sets of
photon statistics while the 〈nz〉 error bars are the uncertainties from the
temperature measurements. Raman sideband cooling was used for the
first data point such that the 〈nz〉 is brought down to ≈ 2. Note that the
sideband cooling is only along z axis, hence the ion temperature in other
axes should be higher than the Doppler limit. This is a one-parameter
fit with the fitted value of ΩR0 = 2pi × 0.14(1) MHz. The reduced χ2 of
the fit is ≈ 0.8.
is used, which reduces the independent variables to only 〈nz〉 and ΩR0. In
the measurement where sideband cooling is used, the temperature along
the non-cavity cooled axes is higher than the Doppler limit. However,
the additional heating can be properly accounted using the approach in
Section 7.3.
Both the experimental data and the fit are shown in Figure 8.2.
Equation 8.12 is fitted to the experimental data where the only free
parameter is the ion-cavity coupling rate ΩR0. The fitted value is
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2pi × 0.14(1) MHz, which corresponds to a laser Rabi rate of ΩL0 =
2pi × 20(1) MHz and agrees with an estimation based on the measured
power of the Rp laser. Minimizing the χ
2 of the fit produces a reduced χ2
of 0.8, indicating that the experimental outcome is in good agreement with
the model prediction.
The experimental results show that the Fano factor is related to the
ion temperature and could potentially be described by the model. However,
as seen in Figure 8.2, the span of the error bars reduces the precision in
deducing the ion temperature for a given Fano number. The Fano error
bars in the figure are mainly due to the intensity fluctuation of ±5% at the
cavity output. This is caused by the frequency drift in the Doppler cooling
laser and the drift of the ion position from the cavity anti-node throughout
the experimental period, which slightly affect the ion temperature as well
as the ion-cavity coupling efficiency. Although the error bars are only a
few percent compared to the signal amplitude, the error bars between the
adjacent data points are still overlapping due to the small gradient curve in
the figure. A better precision is achievable by improving the laser reference
stability which results in a smaller error bar or having a larger ion-cavity
coupling rate, ΩR0, which results in a steeper curve. As increasing the laser
intensity ΩL0 would induce undesired ion heating, a larger ΩR0 can only be
achieved by improving the ion-cavity coupling strength (g0). However, this
is not readily achievable with the current setup.
8.4 Concluding Remarks
The experiment demonstrates the possibility of using the photon statistical
distribution as a temperature probe. The advantage of implementing this
technique is that the ion temperature can potentially be measured within a
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relatively short period of time. Applying the typical measurement methods
as discussed in Section 4.2 or in Ref. [91] usually require long experimental
times to acquire sufficient data. However, the method proposed here
requires only one statistical distribution to estimate the Fano factor for a
particular photon distribution. Thus, the ion temperature can be estimated
in almost a real-time manner: less than a second in the current experiment
to acquire a statistical distribution. This is particularly useful for setup and
optimization of processes such as Doppler cooling in which rapid monitoring
of the ion temperature is definitely helpful.
In conclusion, the connection between the statistical distribution of the
cavity photon emission and the ion temperature is shown in this chapter,
which potentially allows for the use of the photon statistics as a fast




A cavity QED setup has been built and designed to perform experiments on
a single trapped barium ion. The setup has been presented and described
in detail. In addition, the relevant theoretical considerations such as
mechanisms of ion cooling and trapping and mechanical effects of cavity
photons on a single trapped ion have been discussed.
A number of important techniques and methods have been developed
and established over the course of the experiments. First, a self-heterodyne
locking system has been developed and used to offset lock a 650 nm slave
laser to a master reference. This technique can be easily used on other
setups and provides an alternative method to offset lock other lasers in
the lab. Second, an electronic system has been designed and used to
synchronize various lasers to the resonance of the experimental cavity.
Third, Raman coherent state transfer and sideband cooling have been
developed and implemented in the experiments.
Additionally, apart from the major experiments, there are also
subsidiary methods which are originally developed in this thesis. First,
an ion temperature measurement method using Raman spectra has been
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developed and used in the cavity experiments. This method is applicable on
ions with moderate temperature and is more accurate and faster compared
to other method used within the field. Second, a cavity enhanced single ion
spectroscopy has been setup to calibrate the frequencies of the experimental
lasers. This technique is especially useful when the desired wavelength is
beyond the reach of a frequency comb and atomic or molecular references.
Using this technique, a resolution on the order of kilohertz is achievable.
Four major experiments have been described in this thesis. The
first experiment describes a state detection scheme that utilizes Raman
coupling within the fluorescence cycle and high-fidelity state transfers using
two-color Raman transitions. The detection scheme is applicable in the case
where detection efficiency is limited by off-resonant scattering and coherent
population trapping. In addition, the Raman repumper technique used
in the experiment could also be readily adapted to provide a continuous
ground-state cooling scheme.
The second experiment demonstrates minimization of ion micromotion
in a linear Paul trap with the use of a high finesse cavity. This method is
useful for cavity QED experiments as it describes the possibility of efficient
3-D micromotion compensation despite optical access limitations imposed
by the cavity mirrors. The experiment also shows that, in principle,
sub-nanometer micromotion compensation is achievable with the current
system.
The third experiment investigates the dynamics of cavity cooling of
a single ion beyond the Lamb-Dicke regime and demonstrates a cooling
limit of approximately 50% of the Doppler temperature using a high finesse
cavity for the first time. The proposed theoretical model is presented and
validated by the experimental results. In addition, the information provided
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may help future efforts in achieving ground state cavity cooling in an ion
trap.
The fourth experiment investigates the statistical properties of the
ion-cavity emission and presents a model that maps the phonon states to the
photon states. With this model, the super-Poissonian photon distribution
observed in the ion-cavity emission is explained and a method to estimate
the ion temperature is proposed. The proposed method can, in principle,
perform in a real-time manner based on the statistical behavior of the
photon emission from the cavity.
In summary, the work presented in this thesis covers many basic
experimental considerations in an ion trap cavity QED system. While
the setup and methods developed prepare the lab for future cavity QED
experiments, the theoretical models describing the dynamics of ion-cavity
interaction also provide useful information to relevant communities.
Additionally, the work presented also offer the possibility of using a high
finesse cavity as a tool for many experimental aspects: laser frequency
calibration, ion micromotion detection and minimization, ion cooling,
and ion temperature measurement; all of them contribute to making an
ion-cavity system a practical tool in QIP.
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Barium Atomic and Ionic Data
A.1 Basic Atomic Data
Isotope Mass Abundance (%) Nuclear Spin (In)
130Ba 129.906282 0.11 0
132Ba 131.905042 0.10 0
134Ba 133.904486 2.42 0
135Ba 134.905665 6.59 3/2
136Ba 135.904553 7.85 0
137Ba 136.905812 11.23 3/2
138Ba 137.905232 71.70 0
Table A.1: Isotopes of barium and their basic properties. The atomic
number of barium is 56. Data quoted from Ref. [152].
A neutral barium atom has a ground state structure of
1s22s22p63s23p63d104s24p64d105s25p66s2 1S0, with an ionization
energy of 5.211664 eV. On the other hand, A singly and
positively charged barium ion has a ground state structure of
1s22s22p63s23p63d104s24p64d105s25p66s 2S1/2, with an ionization energy of
10.00383 eV [152].
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A.2 Ionic Transition Data
Isotope Shifts relative to 138Ba+ (MHz)







Table A.2: Isotope shifts of Ba+ at transitions S1/2 ↔ P1/2 (493 nm)
and S1/2 ↔ P3/2 (455 nm), relative to the isotope 138Ba+ [153].
Isotope Shifts relative to 138Ba+ (MHz)
number P1/2 ↔ D3/2 P3/2 ↔ D5/2 P3/2 ↔ D3/2
137 13.0(0.4) 2.3(0.4) 5.3(0.5)
136 -68.0(0.5) -78.7(0.6) -76.3(0.4)
135 -82.7(0.6) -101.4(0.8) -97.0(0.7)
134 -174.5(0.8) -192.1(0.7) -188.1(0.6)
Table A.3: Isotope shifts of Ba+ at transitions P1/2 ↔ D3/2 (650 nm),
P3/2 ↔ D5/2 (614 nm), and P3/2 ↔ D3/2 (585 nm), relative to the isotope
138Ba+ [154].
| J = 1/2 〉 m′J
→ | J ′ = 1/2 〉 −1/2 1/2
−1/2 −√1/3 √2/3
mJ 1/2 −√2/3 √1/3
Table A.4: Dipole matrix elements for transitions | J = 1/2, mJ 〉 →
| J ′ = 1/2, m′J 〉 of isotopes with In = 0, expressed as multiples of 〈 J =
1/2 ||µˆ|| J ′ = 1/2 〉 where µˆ is the ionic dipole moment.
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| J = 3/2 〉 m′J











Table A.5: Dipole matrix elements for transitions | J = 3/2, mJ 〉 →
| J ′ = 1/2, m′J 〉 of isotopes with In = 0, expressed as multiples of 〈 J =
3/2 ||µˆ|| J ′ = 1/2 〉.
F ′




Table A.6: 135Ba+ or 137Ba+ relative hyperfine transition strength for
transitions of |P1/2, F 〉 → |S1/2, F ′ 〉.
F ′
P1/2 → D3/2 0 1 2 3
1 1/6 5/12 5/12
F
2 1/20 1/4 7/10
Table A.7: 135Ba+ or 137Ba+ relative hyperfine transition strength for
transitions of |P1/2, F 〉 → |D3/2, F ′ 〉.
S1/2|F = 1 〉 m′F










Table A.8: 135Ba+ or 137Ba+ hyperfine dipole matrix elements for
transitions of S1/2|F = 1 〉 → P1/2|F ′ = 1 〉, expressed as multiples of
〈 J = 1/2 ||µˆ|| J ′ = 1/2 〉.
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S1/2|F = 1 〉 m′F
→ P1/2|F ′ = 2 〉 -2 −1 0 1 2




1 −√1/12 1/2 −√1/2
Table A.9: 135Ba+ or 137Ba+ hyperfine dipole matrix elements for
transitions of S1/2|F = 1 〉 → P1/2|F ′ = 2 〉, expressed as multiples of
〈 J = 1/2 ||µˆ|| J ′ = 1/2 〉.
S1/2|F = 2 〉 m′F
















Table A.10: 135Ba+ or 137Ba+ hyperfine dipole matrix elements for
transitions of S1/2|F = 2 〉 → P1/2|F ′ = 1 〉, expressed as multiples of
〈 J = 1/2 ||µˆ|| J ′ = 1/2 〉.
S1/2|F = 2 〉 m′F
→ P1/2|F ′ = 2 〉 -2 −1 0 1 2
-2 −√1/3 √1/6
-1 −√1/6 −√1/12 1/2
mF 0 −1/2 1/2
1 −1/2 √1/12 √1/6
2 −√1/6 √1/3
Table A.11: 135Ba+ or 137Ba+ hyperfine dipole matrix elements for
transitions of S1/2|F = 2 〉 → P1/2|F ′ = 2 〉, expressed as multiples of
〈 J = 1/2 ||µˆ|| J ′ = 1/2 〉.
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D3/2|F = 0 〉 m′F




Table A.12: 135Ba+ or 137Ba+ hyperfine dipole matrix elements for
transitions of D3/2|F = 0 〉 → P1/2|F ′ = 1 〉, expressed as multiples of
〈 J = 3/2 ||µˆ|| J ′ = 1/2 〉.
D3/2|F = 1 〉 m′F










Table A.13: 135Ba+ or 137Ba+ hyperfine dipole matrix elements for
transitions of D3/2|F = 1 〉 → P1/2|F ′ = 1 〉, expressed as multiples of
〈 J = 3/2 ||µˆ|| J ′ = 1/2 〉.
D3/2|F = 1 〉 m′F










Table A.14: 135Ba+ or 137Ba+ hyperfine dipole matrix elements for
transitions of D3/2|F = 1 〉 → P1/2|F ′ = 2 〉, expressed as multiples of
〈 J = 3/2 ||µˆ|| J ′ = 1/2 〉.
D3/2|F = 2 〉 m′F




















Table A.15: 135Ba+ or 137Ba+ hyperfine dipole matrix elements for
transitions of D3/2|F = 2 〉 → P1/2|F ′ = 1 〉, expressed as multiples of
〈 J = 3/2 ||µˆ|| J ′ = 1/2 〉.
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D3/2|F = 2 〉 m′F


















Table A.16: 135Ba+ or 137Ba+ hyperfine dipole matrix elements for
transitions of D3/2|F = 2 〉 → P1/2|F ′ = 2 〉, expressed as multiples of
〈 J = 3/2 ||µˆ|| J ′ = 1/2 〉.
D3/2|F = 3 〉 m′F






































Table A.17: 135Ba+ or 137Ba+ hyperfine dipole matrix elements for
transitions of D3/2|F = 3 〉 → P1/2|F ′ = 2 〉, expressed as multiples of
〈 J = 3/2 ||µˆ|| J ′ = 1/2 〉.
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493.54541(3) nm
607.42629(3)THz
Aij : 9.53(25)× 107 s−1
455.53098(2) nm
658.11652(3)THz
Aij : 1.11(5)× 108 s−1
585.52973(4) nm
512.00211(3)THz
Aij : 6.03(1.56)× 106 s−1
649.86936(4) nm
461.31189(3)THz
Aij : 3.10(19)× 107 s−1
614.34129(4) nm
487.99008(4)THz
Aij : 4.11(48)× 107 s−1
1762.1745(6) nm
170.12643(6)THz
τ : 34.5(3.5) s
2051.7652(8) nm
146.11441(6)THz






Figure A.1: Relevant 138Ba+ energy levels. The transition frequency
values are quoted from Ref. [155], while the transition probabilities and
decay time are quoted from Ref. [100, 156–158].
141









































Figure A.2: Relevant 137Ba+ energy levels. Although the J → J ′
transitions are neglected in the diagram, their values can be computed
using the information in Table A.2, Table A.3, and Figure A.1. The




of a Leaky State
This appendix describes the derivations of Equation 5.1 and Equation 5.2.
The presentation here follows closely the description in Ref. [122].
Considering an ion that initialized in the dark state at time t = 0.
Due to off-resonant optical pumping and imperfect laser polarizations, the
ion is gradually pumped into the bright state during state detections. In
this case, the probability of the ion leaving the dark state is an exponential










where τd is the decay time constant. On the other hand, the average number
of collected photons for an ion that start dark but is pumped to a bright
state at time t is
λ(t) = 〈nb〉+ t
τD
(〈nd〉 − 〈nb〉) , (B.2)
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where τD is the detection time, and 〈nb〉 or 〈nd〉 is the mean number of
photons collected when the ion is in the bright or dark state, respectively.
When the ion is in either state, the photon distribution can be described by
a Poissonian statistic. However, the mean of the Poissonian statics varies
during state detections. Thus, the distribution of the collected photons will
be a convolution of Poissonian and exponential distributions.
To obtain the expression of the convolved distribution, the probability
distribution f(t)dt is first transformed to a probability distribution of
Poissonian means g(λ)dλ, which is then convolved with a Poissonian
distribution. The transformation is achieved via the following steps. First,
Equation B.2 is rearranged such that t is expressed in terms of λ. This t(λ)
is then substituted into Equation B.1 and gives
g(n)dn =

βd exp [βd (λ− 〈nb〉)] λ > 〈nd〉
exp [−βd (〈nb〉 − 〈nd〉)] λ = 〈nd〉 ,
(B.3)
where βd = τD(〈nb〉−〈nd〉)/τd. The convolution of g(λ)dλ with the Poisson
distribution P (n|λ) = e−λλn/n! gives the probability of detecting n photons
when the ion is initialized in the dark state,








βd exp [βd (λ− 〈nb〉)] dλ . (B.4)
Transforming λ :→ λ′ = λ(1 − βd) and substituting the lower
regularized incomplete gamma function P (1 + n, x) = ∫ x
0
tn exp[−t]dt/n!
into Equation B.4 yield Equation 5.1:






× [P (1 + n, (1− βd) 〈nb〉)− P (1 + n, (1− βd) 〈nd〉)] . (B.5)
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When the ion is initialized in the bright state and then optically
pumped into the dark state by off-resonant scattering, the consideration
is almost entirely the same as in the previous case. Thus, Equation 5.2
can be easily derived via the same approach. However, slight modifications
to certain equations and parameters are required and will be discussion as
follows. First, the time constant for the decay of bright state is now τb and
βb = τD(〈nb〉 − 〈nd〉)/τb. Then Equation B.2 is replaced by
λ(t) = 〈nd〉+ t
τD
(〈nb〉 − 〈nd〉) . (B.6)
From this step onwards, the derivation of Equation 5.2 will be identical to
that in the previous case.
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